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A bstract
The chirped puise regenerative amplification in Nd:YAG lasers is demonstrated 
to be able to provide picosecond optical pulses with ~gigawatt peak powers at a 
repetition rate of 2kHz. By taking advantage of the effects of gain narrowing and 
gain saturation in the regenerative amplifier, it is shown that the chirped amplified 
pulse width can be varied systematically from ~12ps to 150ps.
These high peak power pulses were utilized to perform several picosecond 
time-resolved resonance Ram an spectroscopic experiments. One study involves 
the investigation of excited state electron transfer in symmetric and asymmetric 
polypyridineruthenium(H) complexes. The competing influences of solvent relax­
ation, vihrational relaxation and interligand electronic coupling in the metal-to- 
ligand charge transfer (MLCT) excited state were investigated. The results in­
dicate that vibrational relaxation is the dominant mechanism for electron ligand- 
localization phenomena. In addition, the results from dynamic solvent effects study 
indicate tha t the solvent motions do not contribute significantly to this localization. 
The interligand electron transfer during the lifetime of the M LCT excited state was 
also investigated using a variety of mixed-ligand Ru(II) complexes. The rate of this 
electron transfer is found to depend greatly on the free energy gap between the two 
dissimilar ligands.
The excited state proton transfer in a pentaam ineruthenium (II) complex was
also investigated. The role of ultrafast solvent relaxation in facilitating an acceler­
ated nonequilibrium proton transfer in the MLCT excited state of this complex was 
studied. No proton transfer was observed to occur with a rate significantly faster 
than that predicted by diffusion-controlled kinetics. This result indicates that the 
charge on the heteroatom in the reduced ligand expected to receive the proton is 
not strong enough to structure the solvent molecules in such a  way which facilitates 
nonequilibrium proton transfer.
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The Raman spectroscopic probe of a molecular species is sensitive to its vibrational 
degrees of freedom, and as a  result, can provide detailed information concerning 
the molecular structure and the dynamics associated with its nuclear motions. The 
utilization of such a sensitive probe is becoming increasingly important in study­
ing the nature of molecular interactions involved in a chemical reaction. This is 
especially true for a reaction in a condensed phase solution where the internal en­
ergies associated with the nuclear motions of reacting molecules are perturbed by 
the immediate presence of the solvent environment.
In contrast to the usually broad and relatively featureless bands found in elec­
tronic spectra obtained from condensed phase solutions, Raman spectra often con­
tain highly structured bands corresponding to the modes of vibrations which are 
directly related to the nuclear motions of the molecular species being probed. The 
vibrational modes corresponding to various functional groups in the molecule have 
characteristic group frequencies which can be identified in a Raman spectrum. 
Therefore, these vibrational frequencies may be monitored for the effect of molecu­
lar perturbation on the functional groups. Molecular vibrations can be perturbed, 
for example, by an absorption of light in the molecule giving rise to a photophysical 
or photochemical transient. Molecular vibrations can also be highly sensitive to 
reactions involving a transfer of charge such as electron or proton transfer. In order
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to  understand the overall dynamics of such reactions, it is im portant to characterize 
in detail the influence of inter- (solute-solvent and solute-solute interactions) as well 
as intramolecular interactions to  the reaction dynamics.
The development of the picosecond Ram an spectroscopic technique was made 
possible recently with the availability of high peak power ultrashort optical pulses 
and the means for detecting weak signals such as arising from Ram an scattering 
(for example, ultrasensitive lock-in detection and gated integration methods). The 
picosecond time resolution allows the direct probing of the dynamics of many im­
portant fundamental molecular reactions and relaxation phenomena; they include 
photodissociation and cage recombination, photoionization, electron and proton 
transfer, electronic relaxation, vibrational dephasing and relaxation and solvent 
relaxation.
The studies presented here involve the investigation of excited state electron 
transfer and proton transfer in condensed phase solutions using time-resolved reso­
nance Raman spectroscopy. The high peak power picosecond pulses utilized in these 
studies were provided by a  recently developed chirped pulse regenerative amplifica­
tion method. This method is described in detail in Chapter 2, and its contents are 
briefly discussed here. The method of regenerative amplification has been demon­
strated to be a  powerful tool for amplifying picosecond optical pulses, especially, in a 
solid-state lasing medium such as neodymiumryttrium aluminum garnet (Nd:YAG). 
The Nd:YAG regenerative amplifier has been shown to be able to operate at kilo­
hertz repetition rate while maintaining high stability in pulse amplitude and width.
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The implementation of an optical fiber and a  grating pair pulse compressor to the 
regenerative amplification apparatus has enabled the compression of an amplified 
pulse to a duration as short as ~12ps, full width at half maximum (FWHM). The 
pulse compression is achieved by first using the optical fiber to  spectrally broaden 
a pulse. Following the regenerative amplification of the frequency chirped pulse, it 
is temporally compressed using a  grating pair dispersive delay line; the grating pair 
acts to bring all of the frequency components together in time, therefore, producing 
the highest amplitude pulse. Numerical simulation of spectral broadening and pulse 
compression was also performed and its results are compared to the experimentally 
observed results. In both cases it was found that the achievable compression of 
regeneratively amplified pulse is limited by the gain bandwidth of the amplifying 
medium. The effects of gain narrowing and gain saturation on compressed pulse 
characteristics are also discussed in Chapter 2.
Besides pulse compression, another significant advantage to chirped pulse regen­
erative amplification is the ability to vary the pulse width of the amplified pulse 
from 12ps to  150ps by controlling the amount of spectral broadening produced in 
the optical fiber. This versatility in varying the pulse width of high peak power 
picosecond pulses enabled some of the time-resolved Ram an studies presented in 
this dissertation. O ther studies involving the probe of dynamics of an excited state 
over a time period of up to ~500ns were made possible by taking advantage of the 
ability to temporally synchronize two regenerative amplifiers (Chapter 5, Section
C).
In Chapters 3, 4 and 5, the time-resolved resonance Raman studies of excited 
state electron transfer in polypyridineruthenium(II) complexes are presented. The 
aim of these studies was to  investigate the competing influence of vibrational relax­
ation, solvent relaxation and interligand electronic coupling in the excited state elec­
tron transfer. The intramolecular electron transfer is initiated by a  metal-to-ligand 
charge transfer (MLCT) transition following the absorption of near ultraviolet to 
visible light. In the case of symmetric complexes, two distinctly different sets of 
bands are observed in the transient Ram an spectra which correspond to the vibra­
tions of neutral and reduced polypyridine ligands. The shortest probe (~30ps) of the 
MLCT excited state indicate th a t the electron is localized on a  single ligand in all 
of the complexes studied. In C hapter 3, the results of solvent viscosity-dependent 
studies performed to investigate the influence of solvent motions on the excited 
state electron transfer are presented. In Chapter 4, the results of the investigation 
of interligand electron transfer during the lifetime of the M LCT excited state in 
mixed-ligand complexes of 1,10-phenanthroline and 2 ,2 -bipyridine are presented. 
A novel two-color time-resolved resonance Ram an technique is also described. This 
technique is demonstrated to be able to provide pure time-resolved transient R a­
man spectra which facilitates accurate assignment of the Ram an bands to  their 
electronic parentage. The study of interligand electron transfer is extended to the 
mixed-ligand complexes of 4,4’-dimethyl 2,2’-bipyridine and 2,2’-bipyridine, and the 
results of this study are presented in  C hapter 5.
In Chapter 6, the time-resolved resonance Ram an study of excited state pro­
ton transfer in pentaamineruthenium(II) complex, [Ru(NH3)5(4)4-bipyridine)]2+) 
is presented. The MLCT transition leads to an excited state with an electron lo­
calized on the lone bipyridine ligand. The enhanced basicity in the excited state 
makeB it highly likely th a t a proton transfer will occur under equilibrium conditions. 
However, the MLCT excited state of this complex was determined to have a lifetime 
of ~230ps (ref[6], Chapter 6). The calculation from diffusion-limited kinetics indi­
cated that less than 0.1% of the excited Btate population would become protonated 
during this short lifetime (ref[7], Chapter 6). Experimental evidence exists (ref[7], 
Chapter 6), however, which indicate a  facile nonequlibrium solvent-assisted proton 
transfer occuring to a  significant number of these excited complexes. Picosecond 
time-resolved resonance Ram an experiments were performed to investigate the role 
of solvent relaxation in this excited state proton transfer. The results of these 
experiments are presented in Chapter 6.
C hapter 2
Temporal Compression in Chirped Pulse R egenerative Amplification
A. Introduction
The method of regenerative amplification has been developed*1-10) steadily over the 
last decade and a half and has recently emerged as a powerful method for amplifying 
ultrashort (10-10s to  10-12s) light pulses. Using this method, amplification of pi­
cosecond pulses to high peak powers (~gigawatt range) at relatively high repetition 
rates (multi-kilohertz) has been demonstrated.
Regenerative amplification is achieved using two laser oscillators which are linked 
by optical synchronization. One oscillator provides the low power picosecond optical 
pulses. The second oscillator called the regenerative amplifier provides an inverted 
gain medium where the pulse from the first oscillator is made to undergo multipass 
amplification. In this way a total gain of up to 1018 can be achieved.*10) Optical 
synchronization enables the ultrashort pulse to be amplified with high efficiency and 
stability. In addition, it has been demonstrated that the amplified pulse output can 
be temporally synchronized to other laser sources with a jitte r of less than  ±10ps.*n ) 
In this regard, the availability of such synchronous high power picosecond pulses 
has facilitated numerous im portant applications of these pulses in the spectroscopic 
investigation of ultrafast chemical phenomena.*6)
Regenerative amplification has been demonstrated successfully in various lasing
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media involving both pulsed and continuous-wave (cw) lamp pumping: They in­
clude regenerative amplification in C 0 2 lasers*1), flash-lamp pumped dye lasers*2), 
Nd:glass*7), Nd:yttrium aluminum garnet (YAG)*5’6’8’9’11), and Nd:yttrium  lithium 
fluoride (YLF)*10’12) lasers. Among them, the cw NdrYAG and Nd:YLF oscillators 
have been demonstrated to provide the most powerful regenerative amplification 
media. Their long fluorescence lifetimes («300^tsec and 480/isec, respectively) and 
favorable thermal conductivities*13) enable high gain to be obtained a t high rep­
etition rates. For example, a recent demonstration of regenerative amplification 
in Nd:YAG lasers has shown th a t a pulse energy of ~ lm J  can be obtained at the 
fundamental wavelength of 1.064 fim  with a repetition rate of 1kHz.*6)
The regeneratively amplified pulse output typically has a pulse width of ~85ps 
FWHM. Various compression methods have been utilized to shorten the amplified 
pulses. Initial effort in pulse compression involved the use of a saturable absorber in 
the amplifier cavity to  compress the pulse while it is undergoing amplification.*4’14) 
The reduction in pulse width is achieved by taking advantage of nonlinear trans­
mission property of the dye which enables the peak of the pulse to grow faster than 
its lower intensity leading and trailing edges.
Using this technique an eight-fold compression of a regeneratively amplified 
pulse was achieved resulting in 15ps pulses from 120ps.*4) However, the disadvan­
tages included the decrease in the stability of the pulse amplitude and width, lower 
repetition rate and decreased gain.
A more recent approach to pulse compression incorporates an optical fiber to
spectrally broaden the pulse and a  grating pair dispersive delay line to recombine 
the spectral components. This compression technique has been applied recently to 
the regenerative amplification in Ndiglass lasers/7) This study showed that large 
compression ratios on the order of 50 are possible resulting in pulse widths of ~2ps 
from lOOps. The main advantage of this method over the saturable absorber is 
tha t very stable compressed pulses can be generated without any sacrifice in pulse 
energy output.
A disadvantage of the Nd:glass regenerative amplifier is tha t the amplifier is 
usually operated in the pulsed mode at low repetition rate due to the limitation set 
by the thermal conductivity of the glass rod. In this regard, the cw Nd:YAG regen­
erative amplifier offers distinct advantage over Nd.glass. The repetition rate of YAG 
amplifier can be at least ~10Q0 times higher than for glass due to approximately 
an order of magnitude larger thermal conductivity in Nd:YAG ro d /13)
The optical fiber/grating pair pulse compression method has been applied to 
the regenerative amplification in Nd:YAG, and the compression characteristics have 
been examined. The experimental as well as theoretical results of this investigation 
are presented in this chapter.
B. Temporal Compression in Nd:YAG R egenerative Amplifier
The optical fiber/grating pair compression method is achieved in two steps. The 
first 6tep involves the generation of a linear frequency chirp from the self-phase 
modulation of a pulse in an optical fiber. The self-phase modulation arises from the
change in the refractive index of the fiber due to  the intensity dependent interaction 
of the electric field with the K err nonlinearity of the medium. A more detailed 
discussion concerning self-phase modulation is presented in Section D.2.2 below.
The second step involves the temporal reassembling of frequency components in 
the chirped pulse using a dispersive delay line. A grating pair is a convenient tool 
for dispersive delay since it diffracts different wavelengths at different angles giving 
rise to wavelength dependent optical path delay.
Using this method, it has been possible to obtain large compression ratios. For 
example, compression factors of 80:1 (from 33ps to 0.41ps)<15) and 45:1 (from 80ps 
to 1.8ps)(16) were observed in mode-locked Nd:YAG laser pulses.
In regenerative amplification, however, the achievable compression ratio is lim­
ited by the fact th a t the spectral components which lie outside of the gain bandwidth 
of the lasing medium are effectively filtered out of the amplification. In the case of 
Nd:YAG, the homogeneous gain bandwidth is ~2.3cm ~1/ 17) Therefore, the amount 
of compression achievable in a Nd: YAG regeneratively amplified pulse is constrained 
by this bandwidth. The experimental and theoretical studies of this limitation are 
presented in Sections C and D, respectively.
C. Experimental
C .l. Overview
The compression of regeneratively amplified pulse is accomplished in the following 
steps. The initial picosecond ‘seed’ pulse is generated from a cw mode-locked (ML) 
Nd:YAG oscillator. This pulse is coupled into an optical fiber where the pulse 
undergoes self-phase modulation. The linearly chirped pulse out of the fiber is then 
injected into a cw Nd.YAG regenerative amplifier where it is allowed to oscillate in 
the amplifier until near saturation of gain is reached. The amplified pulse is then 
switched out of the amplifier and compressed finally by passing it through a grating 
pair compressor.
Experiments were performed to investigate the maximum compression achiev­
able in the amplified pulse. Furthermore, the effects of gain narrowing and gain 
saturation in the regenerative amplifier on the pulse compression characteristics 
have been studied.
C.2. Experim ental Layout
The overall experimental set-up is illustrated in Figure 2.1. The function of each 
component is specified in the following sections.
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F ig u re  2.1 Apparatus diagram of regenerative amplification in NdrYAG lasers. 
Amplified output beam has a pulse energy of 200/iJ/pulse, 12ps, full width at half 
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The initial seed pulse is generated from a commercially available cw actively mode- 
locked Nd:YAG la se r/18) This oscillator has a  cavity length of 1.45m and contains 
a  lm  radius concave high reflection back mirror, a 4mm x 79mm Nd:YAG laser rod 
and housing, a 2.3mm aperture, a  LiNbOg acoustic transducer for mode-locking 
and a  -1.2m concave 90% reflecting output coupler. The 100MHz mode-locked 
pulses are generated a t the wavelength of 1.064/im with an average power of 10W. 
The aperture in the cavity allows a TEMoo mode pulse output by discriminating 
against higher transverse modes. The cavity length was stabilized by an INVAR 
stabilizer bar. A background-free autocorrelation of a  mode-locked pulse has shown 
the pulse width to be 84ps FW HM assuming a Gaussian-shaped pulse. These pulses 
are focused into the optical fiber where self-phase modulation is impressed on the 
picosecond pulse.
C.2.2. Optical Fiber
In addition to facilitating the self-phase modulation of an optical pulse as the first 
stage of compression, the optical fiber also plays an im portant role in keeping the 
oscillator and the regenerative amplifier optically synchronized. In the absence of 
the fiber, the optical synchronization of the two laser cavities is difficult to maintain 
in tha t the optical alignment and mode-matching of the cavities are extremely 
sensitive to even a slight optical modification in the oscillator cavity. In the presence 
of the fiber, the direction and the beam quality of the fiber output are determined
and fixed by the fiber core dimensions. Therefore, a small optical modification in 
the oscillator cavity, which is often necessary for optimizing the mode-locked pulse 
output, does not affect the fiber output in terms of its direction or beam quality. 
In fact, a uniform intensity profile can be consistently obtained in the fiber output.
The mode-locked pulses were introduced into the fiber by focusing the beam 
using a lOx microscopic objective. A 400m polarization-preserving single mode 
S i02 fiber was used which had a  core diameter of 8/im, a power loss of ~ ld B /k m  
at 1.064/im and a group velocity dispersion of 35psec nm-1 km-1 . The spectral 
bandwidth of the pulse broadened from the initial 0.3A to a  maximum of 16A (with 
a 70W peak power pulse input) a t the fiber output without any significant change 
in the pulsewidth indicating negligible group velocity dispersion in the fiber.^20) 
The fiber output was collimated using a 5x microscopic objective. For a 70W peak 
power pulse input, the fiber output had a peak power of 25W which translates to 
the fiber transmission of 36% including the coupling losses.
C.2.3 Regenerative Amplifier
The regenerative amplification of the chirped seed pulse is accomplished in a cw- 
pumped Nd:YAG laser cavity which contains two symmetric +80cm concave high 
reflection end mirrors separated 1.4m from each other, a polarization beam splitter, 
a 3mm x 104mm Nd:YAG rod, an aperture, an electro-optic modulator (Pockels 
cell), and a quarter wave plate.
A 95% reflection beam splitter is placed between the fiber and the amplifier in or­
der to isolate the mode-locked oscillator from the amplified pulse output. Therefore, 
an attenuated (~10pJ/pulse to lOOpJ/pulse) s-polarized chirped pulse is introduced 
into the amplifier by being reflected a t the polarization beam splitter. Since the 
amplification takes place under saturated conditions, the injected pulse experiences 
gain as long as its initial amplitude exceeds th a t of the background spontaneous 
emission noise. In fact, it was determined tha t the amplified pulse energy was inde­
pendent of the input pulse energy ranging from 10“ 4 to 10"15J/pulse.(3) The only 
difference arises from the amount of storage time required in reaching the saturation 
of gain level.
The combination of the Pockels cell and the quarter wave plate controls the 
pulse injection, Q-switching and cavity-dumping. W ith the Pockels cell turned off, 
the permanent quarter wave optical bias in the amplifier cavity frustrates cw lasing. 
Under these conditions, the injected pulse also gets rejected out of the cavity after 
two round trips. When the Pockels cell is quarter-wave biased electro-optically, 
the total round trip becomes biased to a full wave, and a pulse is then trapped in 
the cavity and undergoes amplification as the cavity losses are minimized from Q- 
switching. The Pockels cell remains quarter wave biased until a saturation of gain 
is reached which takes ~550ns. Finally, the amplified pulse is cavity-dumped by 
inducing a half-wave retardation in the Pockels cell which sets the amplified pulse 




The Pockels cell houses a  9mm x 9mm x 25mm LiNb0 3  crystal, the faces of which 
are anti-reflection (AR) coated for a high transm ittance (>99% ) and are wedged in 
order to avoid undesirable etalon effects such as the generation of satellite pulses. 
The crystal is protected from outside environment by two wedged and AR coated 
windows.
The quarter wave voltage of LiNb ( > 3  crystal was determined to be ~1.7kV and 
this voltage step was provided by the Pockels cell driver to generate a quarter wave 
retardation. Since the chirped mode-locked pulses are spaced by 10ns, the high- 
voltage step must have a rise time of less than 10ns in order to inject a single 
pulse into the amplifier. In this regard, a  Pockels cell driver based on two field— 
effect transistor (FET) amplifiers and a microwave tube was developed recently by 
Bado et a l / 19) This driver was demonstrated to be able to provide feist multiple 
voltage steps (<10ns) at high repetition rates (up to 10kHz). A similar driver 
was constructed and used for the purpose of providing fast voltage steps for pulse 
injection and switch-out.
For pulse injection, one FET amplifier is triggered to cause a brief conduction of 
the microwave tube which then produces the fast high voltage step corresponding to 
a quarter-wave retardation in the L iN b03 crystal. After amplification, the cavity 
dumping is initiated by triggering the second FE T  amplifier which generates another 
fast high voltage step corresponding to a quarter-wave retardation resulting in a 
total of a  half-wave retardation in the Pockels cell. After cavity dumping, the
voltage in the Pockels cell is returned to ground in ~75j<s. This recovery time sets 
the limit for the achievable repetition rate of the driver.
C.2.4. Grating Pair Compressor
The purpose of the grating pair is to provide a frequency-dependent time delay 
so that all of the frequency components in the amplified pulse can come in phase 
with an optimum dispersive delay, producing a  compressed pulse with the maximum 
peak amplitude.
The first grating provides a quadratic phase correction (see Section D.2.3) to the 
linear frequency chirp by dispersing the frequency components angularly giving rise 
to a  transverse displacement of the spectral components (elliptical cross-section 
beam). The second grating, while continuing the phase correction, reverses the 
spacial spectral spreading resulting in a collimated circular beam again.
A pair of holographic gratings with 1800 lines/mm were used for this experi­
ment. Each grating had ~80% diffraction efficiency for 1.064/xm pulses at 75° angle 
of incidence which corresponds to a total of 64% diffraction efficiency from the 
compressor.
C.3. Results and Discussion
C.3.1. Optical Synchronization
An initial attem pt a t regenerative amplification using two different cavity lengths 
for the oscillator (1.45m) and amplifier (1.85m) resulted in the injection and ampli­
fication of multiple seed pulses due to mode-mismatch between the two oscillators. 
Under these conditions, the amplified output was observed to be comprised of mul­
tiple pulses.
In order to ensure the injection and amplification of a  single pulse, it was nec­
essary to match the cavity lengths of the two oscillators. The cavity lengths were 
matched by tuning the amplifier’s cavity length with a  p m resolution. The fine- 
tuning of the mode-match between the two oscillators were performed while observ­
ing in real-time the characteristics of a frequency-doubled amplified pulse output 
on a streak camera. The amplifier’s cavity length was adjusted until a clean sin­
gle pulse appeared on the camera which indicates proper optical synchronization 
between two oscillators. The temporal synchronization between the oscillator and 
amplifier was maintained by synchronizing the triggering of the Pockels cell driver 
in the amplifier with the mode-locker frequency modulation source.
C.3.2. Compression o f M ode-locked Pulses
The first pulse compression experiment involved the compression of mode-locked 
(ML) pulses prior to regenerative amplification.
The 84ps ML pulses with 25W peak power were focused into the fiber and gen­
erated a frequency chirp having a  bandwidth of ~4.lA.. The parallel gratings were 
set such th a t the incoming beam had an angle of incidence of ~80° and an an­
gle of refraction of ~68° with the grating spacing of 85cm. The background-free 
autocorrelation^26’27) measurements of the chirped pulse prior to and after compres­
sion gave pulse widths of 88ps and 6.3ps FWHM assuming Gaussian-shaped pulses, 
respectively. The autocorrelation traces are shown in Figure 2.2. A compression 
ratio of ~  14:1 was achieved.
Since the gain bandwidth of Nd:YAG regenerative amplifier is '-2.3cm -1 or 
2.6A, a significant portion of the 4.lAchirped ML pulse will be filtered out during 
regenerative amplification. Therefore, it can be already seen tha t the regeneratively 
amplified pulse can only be compressed to a  pulse width broader than the 6.3ps due 
to the spectral filtering.
C.3.3. Regenerative Am plification o f Chirped ML Pulse
A chirped seed pulse in the nJ range was injected into the regenerative amplifier 
and was monitored over a  period of 1/is following the injection. The regenerative 
amplification over this period was monitored by directing a small amount of light 
transmitted out of one end mirror onto a silicon PIN  photodiode (Hewlett-Packard 
5082-4220, t ^ ^ n ln s )  and was observed through a  Tektronic 300MHz oscilloscope. 
The pulse train generated over l#isec in the amplifier is pictured in Figure 2.3(a).
The saturation of gain was observed to take place in <-550ns which corresponds 
to ~55 round trips in the amplifier cavity; the pulses are spaced by '-10ns, and this 
corresponds to the round trip time of the cavity. Following the saturation of gain, 
the losses in the cavity start to dominate and the amplitude of the amplified pulse 
gradually decreases.
During the amplification, it was observed that a significant amount (~43% ) of
F ig u re  2.2 Autocorrelation (background-free) trace of the chirped “seed” pulse 
overlaid with the trace of temporally compressed pulse prior to regenerative ampli­




















F ig u re  2.3 (a) The regeneratively amplified pulse train over a  time period of
1/usec following the chirped pulse injection, (b) A regeneratively amplified chirped 
pulse switched out of the amplifier after ~53 round trips («530ps) in the amplifier 
cavity. A typical amplified pulse has an energy of ~1.2m J @ 2kHz repetition rate, 
and a pulse width of 25ps FWHM.
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the amplified pulse train was getting partially polarization rotated and rejected out 
of the amplifier by the polarization beam splitter. This loss is attributed to the 
thermally induced birefringence in the NdrYAG gain m edium /10)
A nearly saturated amplified pulse was switched out of the amplifier by the Pock­
els cell after ~53 round trips in the cavity, and this pulse is pictured in Figure 2.3(b). 
The average power and pulse energy were obtained as a function of repetition rate 
and are plotted in Figure 2.4. The pulse energy remains steady (@ ~1.0mJ) across 
the range of repetition rate tested, and a t repetition rates higher than 3kHz, lower 
energies were obtained due to the constraint set by the storage time (fluorescence 
lifetime) of Nd:YAG which is ~300/isec.
The pulse width of the amplified pulse varied according to two parameters: 
The magnitude of spectral broadening produced in the fiber and the amount of 
saturation in the regenerative amplifier.
It was observed that the initial 88ps chirped “seed” pulse undergoes significant 
compression while being regeneratively amplified. The amount of compression de­
pended on the magnitude of the chirp produced in the fiber. This dependence can 
be seen in the autocorrelation traces shown in Figure 2.5. The pulse width mea­
surements are listed in Table 2.1. In Figure 2.5(c), the autocorrelation of amplified 
pulse corresponding to a chirp of 2.1 A shows clearly two sets of satellite pulses in 
addition to the main pulse. The outer set which is spaced ~110ps from the peak of 
the main pulse was determined to be due to an etalon effect caused by the presence 
of parallel surfaces in the Pockels cell’s LiNbOa crystal. The problem was corrected
25
F ig u re  2.4 Average power and energy per pulse versus repetition rate of the 


































eventually by having wedged surfaces, however, the d a ta  presented in Figure 2.5 
were obtained prior to this correction.
The inner set spaced ~75ps on either side of the main pulse is generated from 
the unfiltered non-linear frequency portions in the chirped pulse. These non-linear 
portions originate from the rising and falling edges of the initial ML pulse. A de­
tailed description of this process has been presented earlier by Tomlinson et alS20) 
and Bado et alS12) The autocorrelation traces in Figure 2.5 show that as the magni­
tude of the chirp decreases, the set of satellite pulses originating from the non-linear 
frequency portions move closer to the center pulse. Eventually, these side pulses 
contribute to the overall broadening of the amplified pulse [Figure 2.5(f)]. This 
dynamic broadening effect was also observed in the simulation study, and a further 
discussion on this topic is presented in Section D.3.
The experimentally observed temporal compression of the chirped pulse in the 
amplifier is attributed to the gain narrowing of the Nd:YAG lasing medium. This 
effect is well-known^31) and has been observed in other s tu d ies/13,22) Here, it is 
shown that without even applying the grating pair compressor, a NdrYAG regener­
atively amplified pulse is compressed to a pulse duration as short as ~24ps FWHM. 
Therefore, an important characteristic of the chirped pulse regenerative amplifica­
tion is that the gain narrowing in the amplifier by itself gives rise to significant 
compression of the amplified pulse.
The second factor contributing to the final pulse width was gain saturation. 
When the largest amplitude pulse in the amplified pulse train was switched out,
28
F ig u re  2.5 Autocorrelation (background-free) traces of regeneratively amplified 
pulse corresponding to  various amount of chirp in the “seed” pulse (peak power 
input into fiber): (a) 4.lA  (25.0W), (b) 3.4A (14.9W), (c) 2.lA  (8.9W), (d) 1.8A 
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The first column lists the peak power of the input pulse 
from the ML oscillator (84ps, FWHM) coupled into 
the optical fiber. The second column lists the corre­
sponding pulse width measurement (from background- 
free autocorrelation trace) of the amplified chirped pulse 
switched out before gain saturation from the Nd YAG 
regenerative amplifier.
its pulse width was broadened considerably due to gain saturation. As much as 
a  factor of 2 broadening was observed when compared to the pulse width of an 
unsaturated pulse. The comparison of the saturated and unsaturated pulses are 
shown in Figure 2.6. The presence of satellite pulses spaced by ~110ps are due 
to  an etalon effect mentioned above. Therefore, it was found that switching out 
an earlier pulse minimizes gain saturation effects, but also results in lower pulse 
energies ('v850/iJ/pulse @ 2kHz).
C.3.4. Compression o f Regeneratively Amplified Pulses
A regeneratively amplified pulse prior to gain saturation was selected and com­
pressed using a grating pair compressor. The shortest pulse width obtained was 
~12ps FWHM assuming a Gaussian-shaped pulse. Figure 2.7 shows the auto­
correlation trace of the temporally compressed amplified pulse overlaid with the 
compressed “seed” pulse. The broader pulse width of compressed amplified pulse 
compared to the pulse width of compressed ML pulse is attributed to spectral fil­
tering by the gain bandwidth of the Nd:YAG medium.
The final pulse energy of the compressed amplified pulse after losses from the 
gratings was ~500^J/pulse @ 2kHz. When this pulse is frequency doubled and 
tripled using Beta-Barium-Borate (BBO) harmonic generation crystals, a pulse en­
ergy of ~200/iJ and 90/iJ were obtained, respectively.
3 3
Figure 2.6 Autocorrelation (background-free) traces of gain unsaturated and 
saturated pulses switched out of the regenerative amplifier (a) unsaturated pulse 
switched out after ~45 round trips in the amplifier cavity, ~850^iJ/pulse at 2kHz 
repetition rate, 24ps FWHM. (b) saturated pulse switched out after ~65 round 
trips in the cavity, ~1.2/iJ/pulse a t 2kHz, 40ps FWHM. The satellite pulses spaced 
~110ps and 220ps from the center of the main pulse are due to the etalon effect 
caused by the parallel surfaces of L iN b03 crystal in the Pockels cell.
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F ig u re  2.7 Autocorrelation (background-free) trace of the temporally compressed 
seed pulse without amplification (solid line) overlaid with the trace of temporally 
compressed amplified pulse. The latter pulse has an energy of ~500^J/pulse at 
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The theoretical analysis of the self-phase modulation in the optical fiber and pulse 
compression action in the grating pair compressor has been presented recently by 
Tomlinson et a/.(20>23) Using numerical simulation, they obtained results for the 
achievable compression and compressed pulse quality as functions of fiber length 
and input pulse intensity. These results were presented in a normalized form so that
the achievable compression and compressed pulse characteristics can be predicted
for any given input pulse.
D .l Numerical Simulation o f ML Pulse Compression
For the case of negligible group-velocity dispersion, the achievable pulse compression 
can be predicted by the equation
r0/ r  ss 1 +  0.9[A2z ! z 0] (2.1)
where r„ is the initial input pulse width (in ps), r  is the compressed pulse width 
and z is the actual fiber length. The normalized fiber length z0 and the normalized 
amplitude A are given by
2 0 =  (32.26)r„ ( /o r  A =  1.064fim) (2.2)
and
A  =  T P / A  (2.3)
where
Pi =  ~ ^ -f- x  10~7W  (2.4)
16s- z0ri2
In the above equations, P  is the peak power of input pulse, P i  is the normalized 
power, n is the refractive index of the fiber medium, c is the velocity of light in 
centimeters per second, A is the vacuum wavelength, -4e/ /  is the fiber effective core 
area in square centimeters, and « 2  is the nonlinear refractive index of the fiber.
Using these parameters the amount of frequency chirp generated in the fiber can 
also be calculated from the following equation,
. 21.6 ;r2,zn2P  , n7A u  = — ------- —  x  107 (2.5)
t 0 XncAe/ /
With the experimental input pulse width of 84ps, the normalized length is cal­
culated to be ~228km. This length corresponds to the length of fiber required for 
group-velocity dispersion to approximately double the width of the initial input 
pu lse/30) Therefore, with a  400m fiber, the amount of group-velocity dispersion 
should be negligible, and this was confirmed in the experiment.
Using equations (2.1) and (2.5), the 25W peak power pulse in a 400m long fiber 
gives a chirped pulse having a frequency bandwidth of 5.7A and the achievable 
compressed pulse width of 4.3ps FWHM. In comparison, the autocorrelation mea­
surement in the experiment gave 6.3ps pulse width with a  bandwidth of 4.lA . It is 
speculated th a t the discrepancy in the two bandwidth values is due to the signifi­
cant uncertainty in the actual amount of light that was coupled into the fiber. The 
inevitable power loss involved in the coupling of light into the fiber is expected to
generate a spectral broadening in the fiber which is less than the calculated value. 
The achievable compression of a  4.lA  chirped pulse calculated using equation (2.1) 
gives a  pulse width of 5.8ps. This pulse width is on the order of the experimentally 
observed value of 6.3ps.
t
D.2. Spectral Filtering M odel
The achievable compression of regeneratively amplified pulse is constrained by spec­
tral filtering caused by the 2.3cm-1 gain bandwidth of Nd.YAG amplifying medium. 
In this section, this limitation is investigated theoretically using the method pro­
vided by Thurston et alS2*)
The spectral filtering model of Thurston et al. is an extension of the numerical 
simulation of fiber/grating compressor’s spectral broadening and pulse compres­
sion presented by Tomlinson et al. which was mentioned in the last section. The 
model involves the masking of both the phase and amplitude of spatially dispersed 
frequency components in the grating compressor.
D.2.1 Overview
The effect of a mask, in this case, corresponding to the gain bandwidth of NdrYAG, 
on the final pulse compression is modeled as follows.
The modeling starts with a  theoretical representation of a  chirped pulse out 
of the fiber in the time domain. This representation is then Fourier transformed 
to the frequency domain, and a quadratic phase correction is applied to simulate
the action of the grating pair compressor. This compressed pulse in the frequency 
domain is then treated with a frequency filter transfer function describing a mask. 
Finally, the frequency filtered compressed pulse is inverse Fourier transformed to 
view this pulse in the time domain. The details of each step leading to the final 
tailored pulse are presented below.
D .2.2. Simulation o f a Chirped Pulse
The electric field of a chirped pulse, Ech(t), out of an optical fiber in the time 
domain can be represented as the real part of
E ch (0  =  E 0sech(tlt0) e x p 'K * - ^  (2.6)
where E0 is the input electric field, w0 is the center angular frequency in the chirp, 
t is a retarded time which is defined such that for any distance z along the fiber, 
the center of the pulse is a t t= 0. The t0 is related to the initial pulse width, r 0, 
by r0 =  1.76t0. For the case of negligible group-velocity dispersion, the self-phase 
modulation-only approximation gives the phase function, <f>ch(t)> which describes 
the time-varying phase modulation, as
<l>ch(t) =  Gsech2( t / t0) (2.7)
where G is the time-independent part expressed in terms of physical quantities,
41
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The next step involves the Fourier transform of Eck ( t)  to the frequency domain.
The Fourier transformed electric field function is given by
E(Cl) = J  d te xp (- i£ l t)E ch(t) (2.9)
where
a  = w - u n (2.10)
E(Sl), therefore, represents the distribution of electric field at frequency u  with 
respect to the center frequency a t w0. Ech(i) represents Eck(t)  without the carrier, 
exp(iw0t), and so it is just the envelope function of the chirped pulse.
D .2.3. Quadratic Phase Correction by Grating Compressor
The next step in the spectral filtering model involves the simulation of pulse com­
pression by applying the grating compressor’s phase correction to the chirped pulse. 
This correction is achieved by subtracting from the phase function (j>ck in E(Sl)  the 
phase function of the compressor <j> which is quadratic in nature,
<f> =  a0(u> — lj0)2 (2 .11)
where o0 is the compressor constant derived by Treacy.^25) The electric field of the 
compressed pulse in the frequency domain is then given by
E c(£l) = 2 ?(ft)ex p (-ia0fi2) (2.12)
where expf-ia0us2)  represents the quadratic phase correction provided by the grat­
ings.
D.2.4. Frequency Filter Transfer Function
The frequency filter mask representing the gain bandwidth of Nd:YAG regenerative 
amplifier is assigned to be a Gaussian-weighted spectral window represented by a 
single strip, where there is unity transmission inside the window and zero outside 
the window.
This frequency filter can be imposed on the compressed pulse by first inverse 
Fourier transforming the electric field envelope of the compressed pulse given by 
equation (2.12). The transformed function is then convolved by the impulse re­
sponse of the frequency filter transfer function which is given by s(t)=m (t)g(t), 
where m (t) is the impulse response envelope of the infinite-resolution mask repre­
sented by a single strip(24)
( 2 . 1 3 )
where Si, and -Si, represent the frequency edges of the single strip, and g(t) is the 
Gaussian envelope function given by
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g{t) = exp(—f>2t2/8 a 2) (2.14)
The parameters a  and b0 in g(t)  represent the spatial frequency dispersion and 
field spot size, respectively. The effect of these parameters on the filter function is 
discussed in detail by Thurston et a l / 24)
Finally, the electric field envelope of the spectrally filtered and compressed pulse 
in the time domain is given by
Ef { t )  =  E c(t) * [m(t)g{t)] (2.15)
where Ec(t)  is the electric field envelope of the compressed pulse without the mask 
[equation (2.12)] and * indicates convolution.
D.3. Simulation o f Spectral Filtering in Nd:YAG Regenerative Amplifier
The spectral filtering of a  chirped pulse in Nd:YAG regenerative amplifier has been 
simulated using the procedures discussed in the last section. The first step involves
the simulation of a sech2 shaped chirped pulse in the time domain according to
equation (2.6), generated using a  70W peak power, lOOps pulse in a 400m long 
fiber. The simulated chirped pulse is shown in Figure 2.8(a). This chirped pulse is 
then Fourier transformed into the frequency domain. The corresponding frequency 
spectrum is shown in Figure 2.8(b). The next step involves the application of 
a Gaussian frequency filter to the spectrum in Figure 2.8(b) corresponding to the 
2.3cm-1 FWHM Nd.YAG gain bandwidth. The filtered spectrum is shown in Figure
44
F ig u re  2.8 (a) A simulated sech2 shaped chirped pulse in the time domain gener­
ated with 70W peak power, lOOps FWHM pulse in a 400m long fiber. The chirped 
pulse width is also ~lOOps FWHM. (b) Simulation of the frequency spectrum [ra­
dian frequency, (u>-u;0)] of the chirped optical pulse with a 70W peak power and 
400m fiber length, (c) Frequency spectrum [radian frequency, (o>-o;0)] after filtering 
by the 2.3 cm-1 gain bandwidth of the Nd-.YAG regenerative amplifier.
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2.8(c). The unfiltered and Nd. YAG filtered chirped pulses in the frequency domain 
are then compressed and inverse Fourier transformed back into the time domain, 
and these spectra are shown in Figure 2.9.
As can be seen in Figure 2.9(a), the unfiltered chirped pulse can be compressed 
to ~2ps FWHM. The filtered pulse, however, can only be compressed to a pulse 
width of ~8.5ps FWHM as shown in Figure 2.9(b). This represents the theoretical 
minimum pulse width achievable using the 2.3cm-1 Nd:YAG gain bandwidth as a 
regenerative amplification medium for an initial lOOps FWHM chirped pulse. In 
comparison, a compressed pulse width as short as 12ps has been obtained exper­
imentally using a chirped pulse generated from a 25W peak power pulse in 400m 
fiber.
It is interesting to compare, furthermore, the uncompressed and compressed 
NdrYAG frequency-filtered chirped pulses obtained from the simulation model. The 
time spectra are presented in Figure 2.10. It can be seen tha t the uncompressed 
pulse in Figure 2.10(a) contains two satellite pulses next to the main pulse. These 
pulses originate from the non-linear frequency portions of the chirped pulse as 
was discussed earlier in Section C.3.3. It was shown previously by Bado et a l / 12) 
and Tomlinson et a l / 20) th a t these satellite pulses carry a negative frequency chirp 
whereas the main pulse carries a positive frequency chirp. Therefore, when a stan­
dard grating pair compression is applied, the main pulse gets compressed and the 
satellite pulses get stretched. These effects of grating compression can be seen in 
Figure 2.10(b).
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F ig u re  2.0 (a) Simulation of a temporally compressed pulse in the time domain
resulting from the frequency unfiltered spectrum in Figure 2.10(a). The pulse width 
is ~2ps FWHM. (b) Simulation of a  temporally compressed pulse in the time domain 
resulting from the frequency filtered spectrum in Figure 2.10(b). The pulse width 
is ~8.5ps FWHM.

















F ig u re  2.10 (a) Simulation of uncompressed Nd:YAG frequency-filtered chirped 
pulse produced with 70W peak power and 400m fiber. The pulse width is ~21ps 
FWHM. (b) The compressed pulse described in (a). The pulse width is ~8.5ps 
FWHM.
R elative Intensity R elative Intensity
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The effect of the magnitude of chirp on the temporal profile of the amplified 
pulse output prior to grating compression has also been investigated theoretically. 
The parameter, G, given by equation (2.8), expresses the amount of chirp generated 
in the fiber and this number was varied to obtain the time spectra illustrated in 
Figure 2.11. The spectrum in Figure 2.11(c) which corresponds to a G=15 (or 
P«12.7W ) shows some side features on either side of the center pulse. It can been 
seen in going from Figures 2.11(c) to (f) that these side features evolve eventually 
into satellite pulses spaced farther apart from the center pulse as the magnitude of 
chirp is gradually increased. Another very interesting feature noted is the gradual 
compression of the center pulse with the increase in the magnitude of the chirp. This 
compression is attributed to the gain narrowing effect in the regenerative amplifier.
D.4. Gain Narrowing Effect
The general definition for the bandwidth of a gain medium is the full width at which 
the medium’s power gain has fallen to half the peak valued31) The gain bandwidth 
of an amplifying medium is dependent on the total gain in the following way. In 
the case of a simple single pass amplification, the power gain, G(a/), has a lineshape 
expressed by the equation
G ( „ )  = expf!iMi)l (2.i6)
c
where L  is the length of the gain medium, c is the velocity of light and x (w)  is 
the atomic susceptibility as a function of frequency. It is this frequency dependent
52
F ig u re  2.11 Simulation of Nd:YAG regeneratively amplified pulse corresponding 
to various magnitude of chirp without grating pair compression: (a) G=0 or no 
chirp, (b) G=5 (P«4.3W ), (c) G=15 (P«12.7W ), (d) G=20 (P«17.0W ), (e) G=50 
(P«42.5W ), (f) G=100 (P«85.0W ).
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X which causes the exponential gain to fall off much more rapidly at the rising 
and falling edges of the gain profile as compared to those corresponding to the 
atomic lineshape itse lf/21) Therefore, as the gain is increased, the bandwidth at 
FW HM of the gain profile effectively gets narrowed. W ith a  multi-pass amplifier 
such asNd:YAG regenerative amplifier, this narrowing effect is expected to be more 
pronounced.
The experimental results illustrating the gain narrowing effect were presented 
earlier in Figure 2.5. These results have been compared to the results from simu­
lation and they are summarized in Thble 2.2. The comparison is shown to be in 
excellent agreement which indicates th a t the model is very accurate in predicting 
the temporal profile of the amplified pulse. In conclusion, the pulse compression 
arising from gain narrowing is shown to be an important characteristic of the chirped 
pulse regenerative amplification method. W ithout even going through the grating 
compression, the amplified chirped pulse can be compressed down to ~20ps due to 
gain narrowing in the amplifier. In addition, it was shown that the pulse width of 
the amplified pulse can be systematically varied by controlling the amount of chirp 
produced in the optical fiber. Such a technique has been used to carry out several 
time-resolved resonance Ram an experiments described in Chapter 3.
E. Additional Am plification
Additional amplification of regeneratively amplified pulse has been attem pted using 
the configuration of a double-pass amplification as illustrated in Figure 2.12. A
Table 2.2
Peak power (W atts) Pulse width (psec) 
Experimental










The first column lists the peak power of the input pulse from the ML oscillator 
(84ps, FWHM) coupled into the optical fiber. The second and third columns 
list pulse width (FWHM) measurements of the Nd:YAG regeneratively amplified 
chirped pulse obtained experimentally and theoretically, respectively.
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F ig u re  2.12 Apparatus diagram of double-pass amplification in cw-pumped 
Nd:YAG gain medium following the chirped pulse regenerative amplification. A 
pulse energy of ~840/jJ (@ 1kHz repetition rate) could be obtained following double­
pass amplification. After the grating pair compressor, a pulse energy of ~550/iJ 



















telescope comprised of 40cm and 20cm focal length spherical lenses was used to 
decrease the beam size in half and to collimate the regeneratively amplified pulse 
into the double-pass amplifier. The half-wave plate isolates the s-polarized light 
and passes it through the beam splitter. Following the two-pass amplification in a 
cw-pumped Nd:YAG gain medium (Quantronix Model 117), the quarter-wave plate 
enables the amplified pulse to be reflected out of the beam splitter.
A 0.53W (@lkHz) average power pulse output from the regenerative amplifier 
was attenuated to ~0.38W  after being passed through the beam splitter due to 
reflection losses. A double-pass amplified pulse reflected out of the beam splitter 
had an average power of 0.84W, and this corresponds to an overall increase in 
average power of 60%. Therefore, it is shown here th a t additional cw amplifiers can 
be easily employed to boost the output of the regenerative amplifier if needed.
F. Further Refinement
Several improvements have been made to enhance the performance of the Nd:YAG 
regnerative amplifier. D lott et a / / 11) have recently provided a systematic approach 
for optimizing the amplifier cavity for high-power operation while avoiding intracav­
ity optical damage. This approach was implemented to improve the performance 
of the chirped pulse regenerative amplification in Nd:YAG. One of the difficulties 
of regenerative amplification has been the strict requirement of proper optical syn­
chronization between the oscillator and the amplifier. It was seen in Section C.3.1 
tha t the mode-match between the two oscillators is highly sensitive to the mismatch
of the cavity lengths. This difficulty arises from the fact tha t 100MHz ML pulses 
are being introduced into the amplifier which only operates in the kHz range. The 
difficulty can be overcome by selecting a single pulse (@ kHz rep. rate range) to 
be injected into the regenerative amplifier. A single pulse selector comprised of a 
Pockels cell and a pair of crossed polarizers was installed after the fiber to select 
a chirped pulse out of the 100MHz mode-locked pulse train. This method of pulse 
selection has been shown to be highly effective in injecting and amplifying a single 
pulse even under the conditions of mismatched cavity leng ths/11)
For the purpose of pulse injection locking and Q-switching, the implementation 
of an acoustooptic modulator in the regenerative amplifier was demonstrated^11) 
to be highly advantageous in th a t it also provides excellent isolation of the ML 
oscillator from the feedback of the amplified pulse.
These improvements to chirped pulse regenerative amplification in Nd:YAG have 
resulted in higher pulse energies (~1.5m J) a t the repetition rate of 2kHz.
61
References for Pari I
[1.] P. A. Belanqer and J. Boivin, Phys. Can., 30, 47 (1974).
[2.] E. I  Moses, J. J. Turner and C. L. Tang, Appl. Phys. Lett., 28, 258 (1975).
[3.] J. E. Murray and W. H. Lowdermilk, J. Appl. Phys., 51(7), 3548 (1980).
[4.] J. E. Murray and D. J. Kuizenga, Appl. Phys. Lett., 37(1), 27 (1980).
[5.] C. Joshi and P. B. Corkum, Opt. Comm., 36(1), 82 (1981).
[6.] I. N. Duling III, T. Norris, T. Sizer II, P. Bado and G. A. Mourou, J. Opt. Soc.
Am. B., 2 (4), 616 (1985).
[7.] D. Strickland and G. Mourou, Opt. Comm., 56(3), 219 (1985).
[8.] Y. J. Chang, C. Veas and J. B. Hopkins, Appl Phys. Lett., 49(26), 1758 (1986).
[9.] M. Pessot, P. Maine and G. Mourou, Opt. Comm., 62(6), 419 (1987).
[10.] P. Bado, M. Bouvier and J. Scott Coe, Opt. Lett., 12(5), 319 (1987).
[11.] J.C. Postlewaite, J.B. Miers, C.C. Reiner and D.D. Dlott, IEEE J. Quantum
Electron., 24(2), 411 (1988).
[12.] J. S. Coe, P. Maine and P. Bado, J. Opt. Soc. Am. B: Opt. Phys., 5(12), 2560
(1988).
[13.] O. Svelto, Principles of Lasers, 2nd ed., Plenum Press, New York, 1982, p.204.
[14.] C. H. Brito Cruz, F. DeMartini, H. L. Flragnito and E. Palange, Opt. Comm.,
40(4), 298 (1982).
[15.] A. M. Johnson, R. H. Stolen and W. M. Simpson, Ultrafast Phenomena TV,
edited by D. H. Auston and K. B. Eisenthal (Springer Verlag, Berlin, 1984),
p.16.
[16.] B. H. Kolner, D. M. Bloom, J. D. Kafka and T. M. Baer, ibid., p .19.
[17.] M. S. Demokan, Mode-Locking in Solid State and Semiconductor Lasers (Research
Studies, Gazianpep, Turkey, 1982), p.50.
[18.] Quantronix Corp., Model 416 ML.
62
[19.] P. Bado and M. Bouvier, Rev. Sci. Instrum., 56(9), 1744 (1985).
[20.] W. J. Tomlinson, R. H. Stolen and C. V. Shank, J. Opt. Soc. Am. B, 1(2), 139
(1984).
[21.] A. E. Siegman, Lasers, University Science Books, Mill Valley, 1986, p.281.
[22.] D. F. Hotz, Appl. Opt., 34, 527 (1965).
[23.] R. H. Stolen, C. V. Shank and W. J. Tomlinson, Ultrafast Phenomena IV, edited
by D.H. Auston and K.B. Eisenthal (Springer Verlag, Berlin, 1984), p.46.
[24.] R. N. Thurston, J. P. Heritage, A. M. Weiner and W. J. Tomlinson, IEEE J.
Quantum Electron., Q E -22(5 ), 682 (1986).
[25.] E. B. TVeacy, IEEE J. Quantum Electron., Q E-5, 454 (1969).
[26.] G. R. Fleming, Chemical Applications of Ultrafast Spectroscopy, Oxford University
Press, Inc., N.Y., 1986, p.40.
[27.] E. P. Ippen and C. V. Shank, Ultrashort Light Pulses, edited by S. L. Shapiro 
(Springer Verlag, Berlin, 1977), p.83.
Part II
Chapter 3 
Excited State Charge Transfer in Polypyridineruthenium(II) Complexes
A. Introdnction
Transition metal complexes containing polypyridine ligands have attracted widespread 
attention over the years due to their interesting and potentially useful photophys­
ical and photochemical properties. In particular, the excited state properties of 
polypyridineruthenium(II) complexes have been studied extensively/1-3)
The photoexcitation of these complexes in the 350-550nm region gives rise to a 
m etal-to-ligand charge transfer (MLCT) transition, and a wide variety of spectro­
scopic techniques have been utilized to understand the nature of this charge transfer 
in the excited state. These studies include luminescence, polarized luminescence, 
circular dichroism, electron paramagnetic resonance, nuclear magnetic resonance, 
polarized absorption and resonance Raman, to name a representative few. A very 
comprehensive review of these and other experimental studies on Ru(II) complexes 
have been presented recently by Krausz and Ferguson/3)
One of the unresolved mysteries of these complexes has been the fate of the 
electron being transferred in the MLCT transition. The interpretations of experi­
mental results from above spectroscopic studies are divided between the intrinsically 
ligand-localized transition and the delocalized transition over the whole ligand sys­
tem.
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Furthermore, the MLCT excited states have been very difficult to model due 
to the complications arising from having to take into account of numerous inter­
actions: Vibronic coupling due to the existence of multiple M LCT excited states, 
m etal-to-ligand and interligand electronic coupling, spin-orbit coupling, and the 
contribution from the dynamic solvent effects. This difficulty has given rise to two 
conflicting models supporting both the intrinsically localized^4) and delocalized^5  ̂
configurations for MLCT excited state.
The resonance Raman spectroscopic technique has recently emerged as a power­
ful tool for studying the photophysical properties of the MLCT states. As demon­
strated first by Woodruff et al. the vibrations in the complex are very sensitive 
to the electronic perturbation caused by the MLCT transition. As a  result of being 
able to obtain vibration-sensitive information, these Raman results have become 
one of the strongest evidences for charge localization in the M LCT excited states.
B. Review o f Raman Studies on MLCT Excited States
The conclusion of Woodruff et al.’s Raman study was based on the comparison 
of the excited state vibrational frequencies of ruthenium(II) tris(2,2’-bipyridine) 
or [Ru(bpy)3]2+ MLCT state to the ground state frequencies of electrochemically 
generated Na+-(bpy“ ) / 7)
The close similarity of observed vibrational frequencies in the two cases led to 
the conclusion that the excited MLCT state  of jRu(bpy)3]2+ is representative of 
the charge-localized species (bpy~) on the time scale of nanoseconds in aqueous
solution.
Additional resonance Raman experiments were performed*®) on the series [Os(bpy)n 
(X)3 _n]3+ where n—1,2,3 and X is ci«-l,2-6u(diphenylphosphino) ethylene, in aque­
ous solution. If the electron was delocalized in the MLCT state, the Raman 
spectrum of [Os(bpy)31/ 3 -]2+ should be radically different from the spectrum of 
[Os(bpy” )(X)2 ]2+ where in the latter, the electron is forced to be localized by the 
asymmetry of the molecule. The vibrational frequencies observed showed an invari­
ance to ligand substitution demonstrating th a t the electron was indeed localized in 
all of the complexes studied.
Various other mixed-ligand Ru(II) complexes have been studied^’10) and showed 
that in fluid solutions, the electron is always localized on a single ligand. It was 
also observed that localization in most cases occurs on the most easily reduced 
ligand /11,12) There have been cases,*12) however, where the localization was shared 
between two dissimilar ligands. A detailed discussion concerning these cases is 
presented in Chapter 5 below.
Resonance Raman experiments have also been performed using frozen glasses 
as the medium to study the solvent contribution to charge localization. The com­
parison of excited state Raman spectra*13) of [Ru(bpy)3 ]2+ in LiCl glass at 100K 
and fluid solution at 300K showed no significant difference between the two spectra, 
indicating that charge localization is unaffected by the dramatic change in solvent 
viscosity. A similar experiment using picosecond resonance Ram an was performed 
recently*14) and was found tha t the localized configuration appears on a time scale
much faster than 25ps. It was concluded from this result tha t the effects of solvent 
motions on electron trapping appear to be small or nonexistent.
In Chapters 3, 4 and 5, the results and discussion of numerous picosecond time- 
resolved Raman experiments performed to investigate the excited state electron 
transfer (E-T) in various symmetric and non-symmetric polypyridineruthenium(II) 
complexes are presented.
C. Overview
The goal of the time-resolved resonance Raman studies presented in Chapters 3, 
4 and 5 was to characterize in detail the various in tra- as well as intermolecular 
interactions which influence the excited state electron transfer. The picosecond 
resolution of these time-resolved studies enables the observation of ultrafast pho­
tophysical transformations in these complexes with greater detail than has been 
possible in the past.
In order to prepare for the discussion of experimental studies, the electronic 
structure of polypyridineruthenium(II) complexes is reviewed briefly in Section D. 
The first set of experiments involved the study of dynamic solvent effects on the 
MLCT excited state. The solvent viscosity was varied to investigate whether the 
apparent localized states are intrinsic to the molecule or are induced by the inter­
molecular perturbation caused by the solvent molecules. The details of this study 
are presented in Chapter 3.
The excited state E-T  in various mixed-ligand systems have been investigated to
characterize the m etal-to-ligand and interligand electronic coupling. Furthermore, 
the possibility of interligand electron transfer during the lifetime of MLCT excited 
state is investigated. In Chapter 4, the experiments performed with mixed-ligand 
Ru(II) complexes of 1,10-phenanthroline and 2,2'-bipyridine are described in detail. 
These experiments were performed using a  novel two-color time-resolved resonance 
Raman technique, and the advantages of this technique are also discussed in Chapter 
4. In Chapter 5, the experiments performed with mixed-ligand Ru(II) complexes 
of 4,4'-dim ethyl 2,2’-bipyridine and 2,2’-bipyridine are described.
D. Electronic Structure of Polypyridineruthenium (II) Complexes
The near ultraviolet to visible absorption (A«ji =350-550nm) by [Ru(bpy)3 ]2+ and 
its derivatives is dominated by a transition to MLCT excited state. An MLCT 
transition involves the transfer of an electron from the dx orbital of the metal to 
the x* orbital of a  ligand, i.e., 1[(dx)6] —► 1,3[(dx)5(x*)1] / 3^
The MLCT excited states are spin-mixed as a  result of strong spin-orbit cou­
pling imposed by the heavy metal. There is a general agreement from theoretical 
studies tha t there exists a  manifold of MLCT states, with the lower-lying states 
having progressively more triplet character/3,15) Experimentally, tem perature- 
dependent emission quantum yields, lifetimes and emission polarization studies*16-18) 
have identified four distinctive MLCT states, and an absorption study*19) has mea­
sured the energy gap between the highest and lowest states to be ~5000 cm-1 . 
Generally, emission from largely triplet MLCT state occurs near 600nm, with small
variations caused by the solvent m edium /30) A typical lifetime of the MLCT excited 
state in polypyridineruthenium(II) complexes is ~800ns.
In addition to the MLCT transitions, there are other electronic transitions in 
these complexes which need to be mentioned. They are the polypyridine ligand- 
localized tt- jt* transitions and the metal-localized d -d  transitions. A detailed dis­
cussion concerning these transitions can be found in Ref. 2. The ligand-localized 
transition occurs with Aer <300nm. Although the energy involved in a d-d tran­
sition is comparable to a  MLCT transition, the former transition is very weak 
compared to the la tte r due to the LaPorte forbiddenness, and the absorption due 
to the d -d  transition is generally not observed in these complexes/3)
Therefore, it is assumed th a t in the wavelength region studied (350nm to 
550nm), ;r-7r* and d-d transitions play very minor roles and do not contribute sig­
nificantly to the photophysics of MLCT excited states.
E . D ynam ic  S olven t E ffects S tu d y
The ultrafast dynamic solvent efFects on excited state E-T in a  series of Ru(II) 
polypyridine based complexes were investigated. In this section, the results of 
solvent effects study on [Ru(bpy)3]3+ are presented. O ther complexes studied in­
clude (Ru(Me2-bpy)3 ]3+ and [Ru(bpym)3]2+, where Me2-bpy is 4,4’-dim ethyl-2,2’-  
bipyridine and bpym is 2,2’-bipyrimidine. The results and a very detailed discussion 
of these studies have been presented by Y abe/21)
Electron trapping efFects as they relate to solvent motions are probed by measur­
ing the time-dependent concentration of the electron-localized configuration while 
varying the viscosity of the solution. A highly viscous glycerol was used as the 
solvent, and the viscosity was controlled through temperature adjustments.
The MLCT excited state of [Ru(bpy)3 ]2+ is regarded to consist of a mixture 
of low-lying excited electronic states. In order to prepare the same Boltzmann 
populated states through photoexcitation, the temperature should not be varied 
in a way tha t significantly alters the ground state vibrational populations. This 
is important since photoexcitation carries the ground state population distribution 
into the excited state. For this reason, a glycerol solvent was chosen since the glass 
point is only ~25°C below room temperature.
E .l. Experimental
The regeneratively amplified and temporally compressed picosecond optical pulses 
which were discussed in detail in Chapter 2 were used as the source for both ex­
citation and Raman scattering. As discussed in Chapter 2 (Section C.3.3), the 
pulse width of regeneratively amplified pulse can be varied from ~10ps up to 150ps 
by controlling the magnitude of the frequency chirp generated in the optical fiber. 
Therefore, various pulse widths obtained in this way were used to perform the 
time-resolved resonance Raman experiments.
The transient resonance Ram an spectra were generated by one-color excitation 
at the third harmonic of the Nd:YAG laser (3547A). That is, part of the laser pulse 
gave rise to the MLCT excitation and the remaining generated the Ram an scattered
light from the transient MLCT state. The transient resonance at 3547Aenabled 
significant resonance Ram an signal enhancement. Pulse energies were limited to 
~50i*J/pulse in a 30ps pulse width. The transient spectra obtained correspond to 
the characteristics of the transient MLCT state time averaged over the duration of 
the laser pulse width.
A standard spinning cell was used under conditions th a t guaranteed that each 
pulse interrogated a  fresh region of sample. Ram an scattered light from the sample 
was picked up a t fl.O and expanded into /7.8 where the image was focused onto the 
slits of a  double 1-m Instruments SA monochromator. The Raman scattering geom­
etry was close to the backscattering configuration. The detection system consisted 
of a  Ham am atsu R943-02 photomultiplier tube and a gated integrator (LeCroy 
2249SG). Information from every laser pulse (Raman signal and laser power) was 
analyzed separately by a DEC LSI 11-73 computer system.
Ram an spectra measured over the entire wavelength range of interest were typ­
ically generated in a  single 10 min scan. In some instances, a series of spectra 
were added together to improve the signal-to-noise ratio. Accurate Raman band 
positions were obtained by including the attenuated Rayleigh line as part of the 
complete Ram an spectrum. The sample was cooled below room temperature by 
directing a stream of liquid N2 onto the sample. Constant tem perature was main­
tained by simultaneously heating the sample with warm air to achieve the desired 
equilibrium. [Ru(bpy)3 ]2+ was purchased from Alpha Products, and HPLC grade 
glycerol was purchased from Aldrich Chemical Co., and they were used as received.
E.2. Results and Discussion
The initial experiments involved the time-resolved studies of charge localization in 
two solvents, water and glycerol, a t room tem peratu re/32)
E.2.1. Fluid Solution Studies
The picosecond transient Raman spectrum of [Ru(bpy)3]2+ in H 20  is shown in 
Figure 3.1(a). The spectrum is consistent with previous nanosecond and picosecond 
results where all observed excited state bands have been assigned to the localized 
configuration. The dynamics of charge localization was investigated using pulse 
widths of 30, 80 and 150ps at constant laser power. The data shown in Figure 3.1(a) 
corresponds to the spectrum taken with 150ps pulse width. The assignments of 
bands to the ground and excited MLCT state have been worked out and carefully 
reexamined in several publications/7’8,23’24)
If the delocalized state decays dynamically into a  localized state on the time scale 
of the laser pulse, the Raman spectrum of [Ru(III)(bpy)2(bpy“ )]3+ should increase 
with respect to [Ru(bpy)3]2+ as the pulse width increases. No change in the relative 
intensities between [Ru(III)(bpy)2(bpy- )]2+ and [Ru(bpy)3]2+ was observed as the 
laser pulse width was varied. It is therefore concluded tha t in H 20  at 22° C, charge 
localization is complete on a time scale fast compared to 30ps.
The time-resolved transient Ram an spectra obtained using high-viscosity glyc­
erol solution are illustrated in Figures 3.1(b) and 3.1(c). They correspond to the
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Figure 3.1 Picosecond resonance Ram an spectra. F^om top to bottom: (a) 
[Ru(bpy)3]2+ in H20 , 150ps pulse; (b) [Ru(bpy)3]3+ in glycerol, 150ps pulse; (c) 
[Ru(bpy)3]3+ in glycerol, 30ps pulse; (d) pure glycerol. Laser power was con­
stan t at 50 jxJ/pulse in a cslOO /xm beam waist. Excited state bands assigned 
to the localized state [Ru(bpy)2 (bpy” )]3+ are labeled E. Ground state bands as­
signed to  [Ru(bpy)3]3+ are labeled G. Solvent bands are labeled S. Concentration 
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spectra generated using 150ps and 30ps pulses, respectively.
Comparing the H 2 O spectrum (a) with the glycerol spectrum (b), it is evident 
tha t the excited state bands associated with the localized MLCT states have become 
reduced in intensity. When the laser pulse width is changed from 150ps (b) to 30 
ps (c), the excited state MLCT bands diminish further.
From these experimental results, there could be several possible interpretations: 
(1) a dynamic interconversion of a delocalized to localized configuration, (2) a lo­
calized configuration whose Ram an intensity varied from a simple solvent shift of 
resonance enhancement due to  nonequilibrium solvent dynamics, and (3) the shift 
in resonance enhancement due to  the intersystem crossing of MLCT excited state.
In order to arrive at a correct interpretation, the investigation of solvent effects 
was extended by studying the excited state in a frozen glycerol glass solution at 
-15°C.<25>
E.2.2. Rigid Glass studies
For these studies, special care was taken to minimize the pulsed heating of the 
sample by the laser. It is known in laser induced melting of solid silicon surfaces 
th a t laser pulses of energies as low as 0.1 J /cm 3 in a 25ps pulse can melt the 
material in a transient fashion. In an effort to avoid this problem, laser energies as 
low as 10 jiJ/pulse have been utilized. This pulse energy was calculated to provide 
an energy density at the sample of ~0.005 J /cm 2. In addition, the sample cell 
was both rotated and translated at a speed sufficient to ensure that no two laser
pulses interrogated the same region of sample. In this way, the heat integrated from 
successive laser pulses was avoided.
The transient Raman spectra of [Ru(bpy)3]2+ are shown in Figure 3.2. The top 
and middle spectra show the complex in glycerol above and below the glass point, 
respectively. The bottom  spectrum is that of [Ru(bpy)3]2+ in H aO. Asterisks are 
used above all bands assigned to the excited MLCT state. Despite the intense 
glycerol solvent bands, it can be seen readily by comparison tha t the *[Ru(bpy)3]2+ 
spectra in glycerol appear to be simply a  sum of the Raman spectrum of the complex 
and the solvent (spectrum in Figure 3.1(d)). None of the bands associated with 
the complex are shifted in frequency between the two solvents within the spectral 
resolution of ± lc m -1 . It is concluded from this result th a t the glycerol solvent does 
not significantly perturb the [Ru(bpy)3]2+ MLCT state.
The transient Ram an spectra above and below the glass temperature in glycerol 
ate nearly identical as illustrated in Figure 3.2. The intensities of the bands are 
somewhat difficult to reproduce because of the inhomogeneity of the rotating frozen 
solution. However, it is very clear to see that the transient spectrum assigned to 
the electron-localized configuration persists both above and below the glass tem­
perature in glycerol on a time scale of <30ps. These results therefore indicate that 
the solvent does not play a major role in producing the charge-localized MLCT 
configuration.
The transient Raman spectra of complexes [Ru(Me3-bpy)3]2+ and [Ru(bpym)3]2+ 
in glycerol above and below the glass temperature have also been obtained, and these
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F ig u re  3.2 One color transient Raman spectrum of [Ru(bpy)3]2+ with a laser 
energy of 10/iJ/pulse a t the sample. Sample concentration was 2mM. Excited State 
bands have been labeled with an astefisk. The spectra are identified from top to 
bottom as: (a) Glycerol solution below the glass point at -15°C (b) Glycerol solution 
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spectra have been presented by Y abe/21) The results from these complexes are sim­
ilar in tha t the localized configuration is invariant to the solvent environment.
E.3. Comparison with Theory
In order to examine how delocalization can arise in terms of molecular properties,
the experimental results presented in the previous sections are discussed with regard
to the recent electron transfer theory.(26~43) in  order for the M LCT state to appear 
delocalized on the time scale of the picosecond Ram an experiment the rate of E-T 
must be considerably faster than the 30ps interrogation time. Prom theory, the 
general quantum mechanical result gives kei = vnKc\Kn where ke< is rate constant 
of E-T, Kei is the electronic factor and /cn is a nuclear factor. Nuclear frequency is 
described by vn which classically is the frequency of the vibration which destroys 
the activated complex. The electronic term is given by
_  2[1 -  ex p (-y et/2t/n)]
Kel 2 - e x p ( - z /e,/2i/n )
where
_ 2  Hah2 7T3 
Vcl ~ h E \R T
E a is the reorganization energy which is a sum of the energies required for the 
solvent and vibrational coordinates to adjust to the product configuration of the 
reaction.
There are two limits to #cef. The first occurs when uci >  2un in which case Ke(= l 
and ke< =  un Thi s is the high coupling limit which occurs when the electronic
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F ig u re  3.3 Potential curves representing the reaction coordinate for electron trans­
fer in the MLCT state of [Ru(bpy)(bpy)(bpy®)*]2+ -*[Ru(bpy)(bpye )*(bpy)]2+. 
The asterisk represents the fact tha t the reaction occurs in the excited state with 
an electron in the reduced ligand occupying a it* orbital, (a) Low coupling limit 

















coupling H ai 2 between ligands is large in comparison to the reorganization free 
energy E*. In this limit the reaction coordinate follows an adiabatic trajectory. 
The second limit occurs when H ab2 is small such tha t «ej <  1. In this case the 
reaction is said to be nonadiabatic and ke< =  veiKn. As a result, the rate of E-T is 
dominated by an electronic ra ther than a nuclear frequency term.
The interpretation of these two limits as they apply to the possibility of delocal­
ization in the MLCT states of [Ru(bpy)3]2+ is as follows. In the adiabatic limit the 
electronic coupling is so large tha t it reduces the classical barrier height, as shown 
in Figure 3.3. At the point on the potential where the reaction becomes adiabatic, 
an activationless reaction occurs with a  rate kei =  i/n: Electron transfer occurs on 
the vibrational time scale. It is a t this point th a t the transition from the localized 
to the delocalized case occurs. On the other hand, when H ab2 is small as in the 
non-adiabatic limit the rate of E-T  above the intersection region is predicted to be:
2.3 x 1010cro3/ 2f f flj 2 ,
------------ TTa---------- secB l '2
In order for the MLCT state to appear delocalized to the picosecond experiment, it 
must be true that H ab2 > 10 E a 1̂ 2. This number therefore represents the lower limit 
in H ab7 for the appearance of a delocalized potential. FVom this discussion it can 
be seen tha t an electron delocalized MLCT state arises from the combination of a 
high inter-ligand electronic coupling in competition with the reorganization energy. 
Experimental measurements^35) of the reorganization energy place the vibrational 
barrier height in the [Ru(bpy)3]2+ ground state a t 1400cm- 1 . In order to produce
a delocalized state H at 2 would have to be at minimum >  375cm-1 .
The picosecond low tem perature glass results indicate th a t there is no solvent 
influence on the rate of appearance of the localized configuration. By observing the 
MLCT state on a time scale fast compared to solvent reorganization, E> (solvent) is 
effectively zero on the observation time scale of the experiment. This is expected to 
be true as a result of the D3 symmetry required in the ground electronic state. The 
solvent dipole structure surrounding the ground state is the same as that around 
the initially formed FYanck-Condon excited state. As a  result, the solvent structure 
in the excited state is initially characteristic of what is expected for an electron delo­
calized over all three ligands. Even in this circumstance, the localized configuration 
is the only one observed. Prom this result it can be concluded tha t the vibrational 
reorganization energy is, by itself, so much larger than ff<,62 tha t a localized state 
is observed on a  time scale of 10-11s-1 . It is im portant to note tha t vibrational 
trapping is not the sole mechanism producing an electron localized configuration. 
Rather, that the competition between electronic coupling and vibrational reorgani­
zation energy results in a  localized configuration. In this case it is apparent that 
the electronic coupling is <375cm -1 .
It should be noted tha t the Ram an experiment could only be used to sample the 
lower 1600cm-1 of the potential well, although the initial level of photoexcitation^36) 
is 12,000cm-1 above the zero point. It is conceivable tha t at some energy electron 
delocalization may occur. At this level of excitation, electron transfer can be an 
im portant process only if it can effectively compete with vibrational relaxation. No
evidence of vibrational relaxation in the picosecond anti-Stokes Raman spectrum 
of [Ru(bpy)3]a+ was found. It would appear that all vibrational cooling occurs on 
a time scale much faster than the 30ps laser pulse. This result is consistent with 
other picosecond experiments^37) which estimate the rate of vibrational decay to be 
>  10n  s-1 . T hat is not to say tha t E-T cannot occur before vibrational cooling 
is complete. However, vibrational relaxation is a  dominant mechanism leading to 
population of the lower lying vibrational states. Further experiments in asymmet­
rically ligand substituted complexes are necessary to decide how the upper portions 
of the potential surface should be described and to what degree if any, E-T  occurs 
from excited vibrational states. These experiments are described below.
E.4. Conclusion
By measuring the vibrational spectrum  of the transient MLCT state on a time 
scale fast compared to solvent motions in viscous solutions it has been determined 
tha t this electronic state is representative of an intrinsically localized configura­
tion. Furthermore, this behavior appears to be common in all of the complexes 
investigated/28) It was also found th a t vibrational relaxation appears to be much 
faster than the 30ps laser pulse width and is therefore a  dominant mechanism in 
populating the lower vibrational states. Following vibrational cooling, inter-ligand 
electron transfer can only occur by a slower E-T process involving tunneling from 
the lower vibrational levels. No information regarding electron transfer from the 
upper region of the potential surface was presented. As a result, conclusions can be
made concerning only the bottom  of the potential well. The data clearly show that 
the inter-ligand electronic coupling is too small to produce an electron delocalized 
state with a  barrier to E-T lower than ~1400 cm-1 .
In principle, the electron transfer rates in the upper region of the potential could 
be significantly different from those a t the bottom  of the well due to  more favor­
able Franck-Condon factors, a higher density of states, or changes in the electronic 
coupling from mixing with nearby electronic states. Given this, the vibrational 
relaxation process could be considered as contributing to electron trapping by re­
ducing electron transfer rates to those characteristic of tunneling from the bottom 
of the potential.
Chapter 4
MLCT Excited States o f  (1,10—Phenanthroline) Ru(II) Complexes
The resonance Ram an results of Z?3 symmetry polypyridine complexes of Ru(II) 
discussed in Chapter 3 have shown th a t in the MLCT excited state the electron is 
localized oh one ligand on the vibrational time scale. These results were determined 
to be independent of dynamic solvent effects.
It is interesting to consider the possibility of interligand electron transfer (ILET) 
during the lifetime of M LCT excited state following the localization of electron on 
the vibrational time scale. The vibrational mode dependence of interligand electron 
transfer has been recently considered/17’31-33’39) theoretically. Classically, E -T  is 
an energy activated process/40) Quantum mechanically, E -T  can still occur below 
the classical barrier through tunneling and the rates are expected to depend on 
the energy and mode character of the vibration.^17’31-33’39) In general, there are 
several factors which cause electron rates to change with vibrational excitation. 
At increased energies, the density of vibrational states goes up, Franck-Condon 
overlaps change, and electronic coupling between ligands can be modified by mixing 
with nearby electronic states. All of these factors can greatly influence the rate of 
ILET.
In Z?3 symmetry molecules it is difficult to measure the ILET rates due to the 
high symmetry. However, the experiment can be performed by reducing the sym­
metry through ligand substitution. The energy gap between the donor and acceptor 
states can be varied by modifying slightly the chemical composition of the ligands.
In this chapter, picosecond time-resolved resonance Ram an experiments of 
Ru(II) mixed-ligand complexes of 1,10-phenanthroline (phen) and 2,2’-bipyridine 
(bpy), i.e., fRu(bpy)3_„(phen)n]3+ where n= l,2 ,3 , are presented/41) These exper­
iments are performed mainly to evaluate the magnitude of the electronic coupling 
between the two dissimilar ligands. It is noted tha t a  nanosecond resonance Raman 
spectroscopic study of these complexes have been presented earlier by Kumar et
a l( 4 2 ,4 3 )
The highly congested spectra of these complexes have been sorted out using 
a two-color pump and probe technique. As a result, the first pure excited state 
spectrum of (Ru(phen)3]2+ was obtained and is presented in Section B .l. Based on 
this spectrum, it was found that the interpretation of previous nanosecond Raman 
results is incorrect with respect to the assignments of the electronic state parentage 
of the observed vibrational bands. A new interpretation is given for the popula­
tion of electron density on the phen and bpy ligands following MLCT excitation 
of mixed-ligand complexes. Furthermore, the implications of the time-resolved 
Ram an results are discussed with respect to the dynamics of interligand electron 
transfer in the excited MLCT state.
For these phen substituted complexes, the MLCT excited state is not well under­
stood due to the lack of experimental structural information. There have been the­
oretical studies^44-47) to characterize the molecular structure of the [Fe(phen) 3
MLCT state. Also, the lowest jt* orbital of H2-phen3+ has been modeled^48) to 
investigate the chromophoric differences between the phen and bpy ligands from a 
molecular orbital perspective. The Ram an experiments presented here were per­
formed with the hope of providing some of the structural information of the MLCT 
excited state of these complexes.
A. Experimental
[Ru(phen)3]2+, [Ru(bpy)(phen)2]2+ and [Ru(bpy)2(phen)]2+ were synthesized and 
purified according to the methods reported in the lite ra tu re /49) All products were 
analyzed by mass spectroscopy. Solvents used in the spectroscopic studies were 
HPLC grade acetonitrile from Curtin Matheson and water which was triply distilled.
The two color experiment involved excitation of the sample by pump and probe 
pulses a t two different wavelengths: pump pulses of 2nd harmonic at 532nm, with 
an energy of 0.3mJ and probe pulses of 3rd harmonic, 354.7nm, with an energy 
of 0.03mJ were typically used. The laser power a t 354.7nm was limited using an 
NRC laser power attenuator. The probe pulses were optically delayed from the 
pump pulses to produce transient Ram an spectra at various temporal delays. A 
chopper was used to allow 2nd harmonic only or both harmonics to excite the 
sample. No background signals correlated solely to the 532nm laser were observed. 
Since the chopping action takes place on a time scale fast compared to the major 
noise components, spectra with very high signal to noise ratios can be obtained. A 
computer sorts the Raman signal from each laser pulse into two bins according to the
phase of the chopper. In this way, two separate spectra are simultaneously obtained 
corresponding to excitation with both 354.7nm and 532nm and in the second channel 
354.7nm alone. The pure two color spectrum is generated by subtracting the one 
color background components from the raw two laser signal.
The two color laser beams were approximately collinear, and the angle between 
the laser beam and a line normal to the sample was near 50°. The signal from each 
laser pulse was detected with a  photomultiplier tube, processed through a  Lecroy 
2249SG CAMAC based gated integrator, where the information was analyzed by a 
DEC 11/73 computer. The laser power from each laser pulse was measured using a 
photodiode. Fluctuations in laser energy by more than  20% caused the data  for that 
pulse to be discarded. Long term fluctuations were averaged out by recording the 
spectrum as a series of spectra obtained in rapid succession (~  15min/spectrum). 
The spectra were then added together by the computer.
A flowing solution was sprayed through a nozzle which produced a low turbu­
lence optical quality je t with a  path  length of ~ lm m . A concentration of 2.x 10-3 M 
in aqueous solution was used a t a  flow rate sufficient to ensure tha t each laser pulse 
interrogated a  new region of sample. The tem perature throughout the experiment 
was constant near 22°C. The effects of undesired photochemical modification of 
sample were checked in two ways. The absorption spectrum of the compounds in­
vestigated was compared before and after laser interrogation. Secondly, the Raman 
spectra were checked to ensure tha t they were invariant to  illumination time over 
a period of many hours. By comparison, a complete Ram an spectrum could be
typically obtained in as little as 15 minutes.
Accurate Ram an shifts are obtained by recording a complete spectrum of the 
sample of interest which includes a feature corresponding to the attenuated Rayleigh 
line. This spectrum is generated in a  single continuous scan of the monochroma­
tor. Ram an shifts are directly measured from the spectrum as the difference in
t
frequency of the band from the Rayleigh line. The accuracy of the monochro­
m ator is specified^83) a t rfclcm” 1 over 5000cm” 1. This has been checked many 
times by measuring the Ram an shift of the gas phase N2 band^50) a t 2329.917cm” 1. 
Repetitive scans indicate th a t the accuracy of this frequency calibration method is 
±.5cm _1. Where reasonable signal to noise Raman spectra are obtained, the fre­
quencies quoted for broader linewidth solution spectra are believed to be accurate 
to ±  1cm” 1.
B. Results
All of the phen-bpy mixed Ru(II) complexes have strong resonances^7*42’43) with the 
laser excitation at 354.7nm. This is true for both the ground and transient MLCT 
excited states. As a result, both ground and excited state bands were resonantly 
enhanced in the Raman spectrum when probed at this wavelength. It is there­
fore necessary to assign the bands with respect to the ground and excited state as 
well as the ligand parentage, phen or bpy. There are several procedures commonly 
used to ascertain the spectroscopic assignments which may prove troublesome for 
the complexes studied here. The first method utilizes cw and pulsed laser exci­
tation to obtain separately the ground and excited state assignments respectively. 
The potential problems with this approach are that the wavelengths of the two 
laser sources are generally and sometimes significantly different. This factor is an 
im portant consideration in resonance Raman scattering because the intensities of 
vibrational bands which are resonantly enhanced depend to a  large extent^51’63) on 
the Franck-Condon factors connecting the two electronic states. The implication is 
tha t different wavelengths of Raman excitation will cause the sampling of two sep­
arate regions of the upper state potential. As a consequence, the resonance Raman 
enhancement for each mode will have a different wavelength dependence. Further­
more, the m atter becomes even more complicated when there are more than one 
excited state with similar energies as expected in metal complexes. For instance, 
there have been observations^10) of very significant changes in the relative intensi­
ties of the ground state Ram an bands and even the appearance of new ground state 
bands of tris (2,2'-bipyrimidine) Ru(II) using two different cw laser excitation wave­
lengths. This effect was attributed^10) to corresponding differences in the resonance 
enhancement pattern  due to  the presence of multiple excited states.
A second method often used to assign the electronic state character of the res­
onance Ram an bands is to use one wavelength of excitation for obtaining both the 
ground and excited state spectra. W ith this approach, the resonance enhancements 
of the ground state vibrational modes would be the same for both spectra and a 
comparison of the two becomes more meaningful. The intensity of the excited state 
features can be controlled by varying the energy density of the laser excitation which
determines the concentration of excited state molecules, and thereby the intensity 
of excited state bands observed in the spectrum. In this fashion, excited state 
bands can be easily identified. The main problem with this method is that the high 
pulsed laser fluence necessary to produce transient spectra can lead to  complications 
arising from stimulated Raman scattering (S R S )/60’54’55) In addition, the transient 
Ram an spectra are often so weak that it is not possible to vary the laser fluence over 
the desired range of energy densities. It is particularly difficult with this method 
to determine assignments when there are overlapping bands of different electronic 
state parentage. As shown below the spectroscopy of the [Ru(phen)3]2+ complex is 
complicated by the weakness of the transient Ram an signal and by severe spectral 
congestion. In this instance a two color technique is shown to greatly simplify the 
analysis.
B .l .  Spectroscopic Analysis
The high fluence one color Ram an spectrum of [Ru(phen)3 ]2+ is shown in Fig­
ure 4.1(a), and again in Figure 4.1(b) with a factor of 500 lower laser fluence. The 
spectra are normalized to the peak a t 1431cm-1 . Comparing the bottom and top 
figures, it is readily apparent that there are seven peaks labeled P* which increase 
in intensity between the low and high power spectra. These seven peaks will be 
tentatively assigned to the excited MLCT state. It will be shown below that there 
is much more to consider in making these assignments.
The two color pump and probe technique is used to demonstrate two important
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F ig u re  4.1 High laser fluence spectrum of [Ru(phen)3]2+ in H 2 O. One color 
pump and probe a t 354.7nm. Dashed lines are drawn between figure A) and B) 
to illustrate the positions of the bands assigned to the excited MLCT state. The 
designation P* is also used to indicate the excited MLCT state with the Phen ligand 
as electron acceptor. Laser energy was 100/uJ/pulse in a beam waist estimated at 
250/im. Concentration was 2mM.
B) Low laser fluence spectrum of [Ru(phen)3]2+. All conditions are the same as 
those in figure A) except laser fluence has been reduced by a factor of 500. The 
laser energy was 30^J/pulse in a 3mm beam waist. The da ta  have been scaled so 
th a t the predominantly ground state peak a t 1431cm-1 has the same intensity in 
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points. First, by separating ground state bands from excited state bands it will be 
shown conclusively tha t ground state bands overlap many of the transient bands 
observed in Figure 4.1. Secondly, by producing the excited state using another 
wavelength, the possible contributions arising from SRS can be determined since 
the probe laser is maintained at a  relatively low fluence. Radiation a t 532nm is used 
to pump the MLCT transition. The Ram an spectrum of the ground and excited 
state is then probed by laser radiation a t 354.7nm.
One color, raw two color, and pure two color d a ta  are shown for the entire series 
of molecules in Figures 4.2, 4.3 and 4.4, respectively. It should be pointed out again, 
th a t these spectra were obtained under chopped laser excitation which smooths out 
the experimental fluctuations. Each spectrum in Figure 4.4 represents the transient 
spectrum which results from subtracting the corresponding one color spectrum in 
Figure 4.2 from the raw two color spectrum shown in Figure 4.3. The transient 
spectrum in Figure 4.4 contains only bands whose intensity responds in some way 
to the pump laser. It is im portant to note tha t no normalization is required to 
determine this response function.
Figure 4.4(d) shows the transient spectrum of [Ru(bpy)3 ]2+. The assignments 
of these bands are well docum ented/7'33) All of the ground 6tate bands appear to 
respond in a  negative way to the pump laser. This result can occur for several 
reasons. Obviously, bleaching of the ground state population will result in this be­
havior. However, there is a  second and more im portant mechanism which will give 
rise to the bleaching effect observed for ground state bands. In [Ru(bpy)3 ]2+ 7̂,56),
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F ig u re  4.2 One color low fluence spectrum obtained with the excitation and 
probe wavelength of 354.7nm. This series of data was taken simultaneously with 
the two color spectrum shown in Figure 4.3. The da ta  shown here represent the 
signal obtained when the chopper blocked the 532nm beam. Excited state bands 
associated with the bpy ligand are indicated by an asterisk. Ground state bands 
assigned to the phen ligand in the mixed ligand complexes are indicated by solid lines 
labeled P. Similarly, ground state  bpy bands are indicated with dashed lines and 
labeled B. The laser energy was 30/iJ/pulse in a 3mm beam waist. Concentration 




























F ig u re  4.3 Two color spectrum obtained with excitation a t 532nm and probed at 
354.7nm. This series of data was taken simultaneously with the one color spectrum 
shown in Figure 4.2 by chopping the 532nm laser. The data shown here represent 
signal obtained when the chopper allowed both 532nm and 354.7nm radiation to 
reach the sample. The 354.7nm probe pulse arrives Ins after the 532nm pump 
pulse. Laser powers were 300/iJ/pulse in a 1mm beam waist for the 532nm beam 
and 30/iJ/pulse in a 3mm beam waist for the 354.7nm beam. Concentration for all 
spectra is 2mM of complex in H 2 O. Excited state bands assigned to the bpy ligand 
























F ig u re  4.4 Pure two color spectra obtained by removing the one color background 
components. This is achieved by subtracting the one color spectrum [Figure 4.2] 
from the raw two color spectrum [Figure 4.3]. Negative going peaks represent 
bleaching by the 532nm laser. Bands assigned to the ground and excited state of 
the phen ligand are labeled P  and P* respectively. Similarly, bands assigned to the 
ground and excited bpy ligand are labeled B and B* respectively. The spectra are 
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as well as in [Ru(phen)3 ]3+ 4̂2\  the MLCT excited state has a much larger ab­
sorbance than the ground state a t the wavelength of the probe laser. This causes 
the optical density of the sample at 354.7nm to  change once the excited state has 
been produced. As a  result, a reduction in the path length of the probe laser occurs 
causing ground state bands to appear to be diminished in intensity in the two color 
spectrum. When the transient spectrum is computed by subtracting the one color 
signal from the two color background the ground state bands will appear to  bleach. 
This effect can be accounted for by calibrating the spectra against solvent Raman 
bands.
In order to correct the response function of the transient spectra for the changes 
in optical density caused by the excited state, the experiment was repeated using 
acetonitrile as solvent. The results are shown in Figure 4.5 and Figure 4.6 for 
[Ru(bpy)3]2+ and [Ru(phen)3 ]2+ respectively. The solvent bands used to normalize 
the spectra do not overlap with the ground or excited state bands of the metal 
complexes. For [Ru(bpy)3]2+ in Figure 4.5(b) the subtracted spectrum clearly shows 
tha t the solvent bands respond in a negative way to the pump laser. This is not an 
experimental artifact since repeating the experiment with the pump laser blocked 
results in all bands going to  zero in the subtracted spectrum. The apparent bleach 
of solvent bands in Figure 4.5(b) must be the result of the transient change in optical 
density since the solvent does not interact with the pump laser. The spectrum can 
be corrected for the optical density change as follows. The one color spectrum is 
multiplied by a  factor such th a t the depletion of solvent bands is removed when
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F ig u re  4 .5 Raw two color spectrum of [Ru(bpy)3 ]2+ in CH3 CN at 2mM. Sol­
vent bands are labeled S. The temporal delay between the pump(532nm) and 
probe(354.7nm) lasers is Ins. Laser powers were 300/iJ/pulse in a 1mm beam waist 
for the 532nm beam and 30/iJ/pulse in a 3mm beam waist for the 354.7nm beam.
B) Pure two color spectrum obtained by subtracting the one color background spec­
trum  from the raw two color spectrum. Ground state bpy bands are marked by the 
solid lines labeled B.
C) Pure two color spectrum corrected for depletion of solvent bands a t the positions 
marked by the dashed lines. The expected positions of ground state bpy bands are 
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Figure 4.6 A) Pure two color spectrum of [Ru(phen)3]2+ in CH3CN at 2mM. 
Spectrum was obtained by subtracting the one color background spectrum from that 
of the raw two color spectrum. The solvent band is labeled S. The other strong band 
observed in depletion near 1440cm"1 is the unresolved 1431 and 1451cm-1 phen 
ground state bands and 1440cm"1 solvent band. Spectral resolution is 1.5 times 
lower than all other data. The temporal delay between the pump(532nm) and 
probe(354.7nm) lasers is Ins. Laser powers were 300/iJ/pulse in a 1mm beam waist 
for the 532nm beam and 30^J/pulse in a 3mm beam waist for the 354.7nm beam.
B) Pure two color spectrum corrected for depletion of solvent bands.
C) Pure two color spectrum obtained in H 2 O (Figure 4.4a) at higher resolution 
and higher signal-to-noise. Corrected for depletion using an arbitrary factor so that 
depletion of pure ground state bands is removed. Concentration is 2mM. Dashed 











the subtracted spectrum is calculated. In other words, Transient spectrum =  [Two 
color - Factorx(O ne color)]. The result of this process for [Ru(bpy)3]2+ is shown in 
Figure 4.5(c). Solid lines with arrows denote the expected position of ground state 
bands. There is no evidence in Figure 4.5(c) for additional depletion caused by 
bleaching of the metal complex ground state population since there is no residual 
depletion in the corrected spectrum of Figure 4.5(c). Apparently, the depletion 
observed for ground state [Ru(bpy)3]2+ bands was caused solely by the change in 
optical density. The remaining features in Figure 4.5(c) correspond to the pure 
excited state spectrum of [Ru(bpy)3]2+. Two excited state bands at 1480cm"1 and 
1502cm"1 were previously unresolved in the one color spectrum^7’23) due to the 
existence of the strong ground state band a t 1489cm"1. Woodruff et.al. reported^7) 
that the 1489cm"1 ground state band was absent from their transient spectrum. 
Instead, the results presented here (Figures 4.2(d), 4.3(d), and 4.4(d)) show that 
in a  one color spectrum the 1489cm"1 ground state band contributes the major 
fraction of intensity to these three previously unresolved bands. All of the rest of 
the excited state bands in Figure 4.5(c) agree with previous assignm ents/7’23) The 
spectroscopic conclusions of the pure excited state spectrum of [Ru(bpy)3]2+ have 
been discussed previously by Orman and H opkins/24)
Consideration of the pure two color [Ru(phen)3]2+ spectrum shown in Fig­
ure 4.4(a) illustrates why the excited state bands of the phenanthroline complex 
were difficult to assign in previous^42’43) one color experiments. T hat is, many of 
the excited state bands are located a t frequencies similar to those of ground state
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bands. As a result, the bands of different electronic state parentage are unresolved 
in a one color spectrum. An additional problem which complicates the assignments 
of the transient bands is that the transient spectrum is very weak in comparison to 
the ground state bands. In the corrected two color spectrum, the largest transient 
band is about 7% of the largest ground state band observed in the uncorrected raw 
two color spectrum.
Five positive going peaks can be clearly identified in the pure two color 
[Ru(phen)3]2+ spectrum in Figure 4.4(a) although it is somewhat confusing to inter­
pret because of the depletion caused by the pump laser. For example, the transient 
band assigned earlier at 1306cm"1 is not visible in Figure 4.4(a) because there is 
a ground state band a t 1309cm"1. In this case the transient band has an intensity 
less than that of the ground state band undergoing depletion. The net effect is 
that when the spectrum in Figure 4.4(a) is computed, the signal depletes a t this 
frequency.
The bleach attributed to transient changes in the optical density can be removed 
from the spectrum by repeating the experiment in acetonitrile in the same manner 
discussed above for [Ru(bpy)3]2+. This has been done and the results are shown in 
Figure 4.6. The bottom view is the higher signal-to-noise [Ru(phen)3]2+ spectrum 
from Figure 4.4(a) in HaO which has been corrected for depletion of pure ground 
state complex bands. The [Ru(phen)3]2+ 1306cm"1 and 1455cm"1 transient bands 
which were obscured in Figure 4.4(a) have now been recovered in Figure 4.6(b). Pure 
ground state bands such as those a t 1297,1431,1600 and 1632cm"1 have subtracted
out of the spectrum. There are several im portant conclusions demonstrated in 
Figure 4.6(b). First, the majority of the depletion observed for ground state bands 
was caused by changes in optical density just as in the [Ru(bpy)3 ]2+ spectra. There 
is perhaps some residual depletion noted a t the strong 1431cm-1 ground state band. 
Secondly, the transient bands observed here are the same as those assigned above 
using the one color high fluence data  in Figure 4.1. In fact, there is a one to one 
correspondence between the peaks in the corrected spectrum of Figure 4.6(b) and 
the peaks which grow in at the higher laser powers in Figure 4.1. These bands are 
assigned below to the phen excited M LCT state.
B.2. Id e n ti ty  o f th e  T ra n s ie n t S p e c tru m
It is interesting to consider the possibility that the transient spectrum tentatively 
assigned to the phen excited state is actually a spectrum corresponding to one of the 
two ground state phen ligands in a molecule where the remaining ligand has been 
the acceptor of MLCT excitation such as [(p h en )2 Ru(III)(phen*")*]2+. There are 
several reasons why this cannot be the case. First, there is no precedence for this in 
the Raman literature of Ru(II) complexes. Although it was once believed^7) tha t the 
ground state bands observed in the pulsed laser Raman spectrum of [Ru(bpy)a]2+ 
could be attributed to this effect, Figure 4.5(c) clearly shows th a t this is not the 
case. Rather, the ground state bands observed in the pulsed laser spectrum can 
simply be attributed to the ground state bands in an unexcited molecule. Secondly, 
the frequencies of the transient phen bands are not all exactly the same as those
characteristic of the ground state. A comparison of Table 4.1 and 4.2 shows that 
two bands of the transient spectrum at 1306cm-1 and 1585cm-1 are within 4cm-1 
of ground state bands. The other five bands of the transient are spaced between 
20cm-1 to  60cm-1 from ground state bands. In addition, the intensity pattern of 
the bands for the ground state and the transient state are not in any way similar.
It might be argued tha t the frequency shifts observed for the [Ru(phen)3 ]2+ 
transient can be assigned to the response of the ground state to the new environment 
imposed by the +3 charge on the metal in the photoexcited molecule. If this is the 
case, the same magnitude of frequency shift would be expected for [Ru(bpy)3]2+. In 
fact, the ground state Ram an spectrum of the electrochemically oxidized complex!7) 
[Ru(bpy)3]3+ showed that all of the ground state fundamentals agree to within 
7cm-1 of those in (Ru(bpy)3 ]2+. This indicates that the ground state bands are 
not very sensitive to the oxidation state of the metal. For [Ru(phen)3 ]2+, however, 
some of the vibrational modes in the transient spectrum of Figure 4.6(b) exhibit 
up to 60cm-1 shifts in frequency from ground state modes. The indication from 
these considerations is th a t it is unlikely that the transient [Ru(phen)3 ]2+ spectrum 
results from the ground state phen ligands in a molecule with one excited phen 
ligand.
There is a final piece of evidence which supports this claim. If the tran­
sient bands for the [Ru(phen)3]2+ complex result from ground state phen bands 
in [(p h en ) 2  Ru(III)(phen*')*]2+ the same bands should also be observed in 
[(p h en ) 2R u(ni)(bpy* ')*]2+. The pure ground state phen bands in the mixed lig-
Table 4.1
Assignment [Ru(phen)3j2+ (Ru(bpyXphen)2]2+ (Ru(bpy)i(phen)l2+ [Ru(bpyb]2+
Phen 1110. 1110. 1108. -
Phen 1147. 1148. - -
Bpy - 1173. 1173. 1173.
Phen 1206. - - -
Phen 1223. - - -
Phen 1254. - - -
Bpy - (1257.) (1260.) 1263
Phen 1296. 1296. 1296. -
Phen 1309. - - -
Bpy - (1315.) (1316.) 1316.
Phen 1343. 1347. - -
Phen 1431. 1432. 1432. -
Phen 1451. 1452. 1452. -
Bpy - 1489. 1489. 1489.
Phen 1512. 1513. 1512. -
Phen 1554. - - -
Bpy - 1563. 1562. 1560.
Phen 1581. 1581. 1581. -
Phen 1602. - - -
Bpy - (1605.) (1607.) 1605.
Phen 1632. 1634. 1632. -
Ground state Raman bands and Stokes shift in cm-1. All frequencies are calibrated against 
the Rayleigh line and are believed to be accurate to ±lcm -1. The horizontal rows are ar­
ranged so that each row corresponds to only one band assignment which is listed in the 
left most column. The designation Phen refers to bands assigned to the ground state 1,10- 
phenanthroline ligand and Bpy to the ground state 2,2'-bipyridine ligand. Bands in parenthe­
sis are believed to be partially overlapped In this case the assignment is given to the band 
with the largest contribution to the peak intensity.
I l l
Table 4.3
Assignment [Ru(phen)3]z+ [Ru(bpyXphen)2]J+ [Ru(bpy)2(phen)]2+ {Ru(bpy)3]2+
Phen* 1130. - - -
Phen’ 1208, - - -
Bpy* - 1209. 1209. 1209.
Phen* 1272. - - -
Bpy* - 1283. 1283. 1282.
Phen* 1306. - - -
Bpy* - 1424. 1424. 1426.
Phen* 1455. - - -
Bpy* - 1478. 1480 1480
Bpy* - 1502. 1502. 1502.
Phen* 1516. - - -
Bpy* - 1546. 1546. 1546.
Phen* 1585. - - -
Excited state Raman bands and Stokes shift in cm-1. All frequencies are calibrated against 
the Rayleigh line and are believed to be accurate to ±lcm-1. The horizontal rows are ar­
ranged so that each row corresponds to only one band assignment which is listed in the 
left most column. The designation Phen* refers to bands assigned to the excited state 1,10 
phenanthroline ligand and Bpy* to the excited state 2,2'-bipyridine ligand.
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and complex have ample intensity and clearly dominate the spectrum shown in 
Figure 4.2(b). However, in the corrected transient spectrum shown in Figure 4.8(a) 
only bands attributed to the excited state bpy ligand are observed. This data is 
different from the rest presented in this chapter in tha t the delay between pump 
and probe lasers is Ops. The expected intensity of transient phen bands is indicated 
in Figure 4.8(a) and is clearly above the noise lim it/28) The fact that the transient 
phen bands are absent from the spectrum  indicates that Ram an scattering from the 
ground state phen ligands in [(p h en ) 2 Ru(III)(bpy*')*]2+ is not observed. Just as 
for [Ru(bpy)3]2+ the only ground state bands observed are those from unexcited 
molecules as these bands completely subtract out of the corrected spectrum. It 
is therefore concluded tha t the transient bands observed in [Ru(phen)3]2+ can be 
associated with the excited MLCT state. (Note that the absence of bands in the 
mixed ligand complex attributed to the excited phen MLCT state can be readily 
explained as discussed below.)
Another possibility for the transient {Ru(phen)3]2+ spectrum which can be ruled 
out, is that the transient results from a photoproduct formed by laser excitation. 
For this mechanism to be consistent with our results the photoproduct must be 
formed within the 30ps laser pulse width and it must quickly recover to starting 
material. This conclusion resulted from several experimental observations. First, 
the one color spectrum shown in Figure 4.1 indicates that the transient is formed 
within the 30ps laser pulse. Furthermore, with prolonged laser irradiation of the 
sample the following observations were made: (1) The intensities of Raman bands
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F ig u re  4 .7  High frequency spectrum of [Ru(phen)3 ]2+ under high laser fluence 
conditions. One color spectrum at 354.7nm obtained using 100/iJ/pulse in a beam 
waist estimated to be 250/^m. The partial spectrum plotted as an insert above the 
main spectrum is the low fluence one color spectrum obtained using 30/jJ/pulse in a 
3mm beam waist. The inserted spectrum has been normalized to the phen ground 
state band at 1632cm- 1 . Vertical lines are drawn to  indicate the position of excited 
state phen bands and are indicated by numbers which are listed together with the 
assignments in Table 4.3. Concentration was 2mM. The band labeled N 2  is due to 
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Figure 4.8 A) Corrected pure two color spectrum of [Ru(bpy)(phen)2]2+ in 
CH3CN at 2mM. Spectrum was obtained by subtracting the one color background 
spectrum from th a t of the raw two color spectrum. The spectrum was then cor­
rected for depletion of solvent bands. Dashed lines indicate the expected position 
of [Ru(phen)3]3+ transient bands. The solid down arrows indicate the position of 
the solvent bands removed in the correction procedure. A third solvent band near 
918cm” 1 exits in this spectrum but does not occur in the frequency region plotted. 
Only the solvent bands near 1376 and 918cm” 1 were used to normalize the spec­
trum  in the correction procedure. The dashed horizontal lines with dashed arrows 
indicate the expected intensity and position of the absent phen 1455cm"1 b a n d /68) 
The temporal delay between the pump(532nm) and probe(354.7nm) lasers is Ops. 
Laser powers were 300/iJ/pulse in a 1mm beam waist for the 532nm beam and 
30/iJ/pulse in a 3mm beam waist for the 354.7nm beam.
B) Pure two color spectrum of [Ru(phen)3]3+ corrected for depletion of solvent 
bands. Concentration was 2mM in CH3CN. From Figure 4.6b.
C) Pure two color spectrum of [Ru(phen)3]3+ obtained in H20  at higher resolution 
and higher signal-to-noise. Corrected for depletion using an arbitrary factor so that 


















of both the transient and the ground state spectra do not change with prolonged 
irradiation of the sample. (2) The absorption spectrum of the sample before and 
after prolonged exposure to laser radiation does not change. Given these constraints 
for the photoproduct it is unlikely tha t the transient spectrum results from anything 
other than the [Ru(phen)3]2+ excited MLCT state.
B.3. Contributions From Stim ulated Raman Scattering
The one color probe only spectra shown in Figure 4.2 were obtained under conditions 
where the laser fluence at the probe wavelength is very low. This can be seen by 
comparing the low fluence [Ru(bpy)3]2+ spectrum in Figure 4.2(d) to the two color 
spectrum in Figure 4.3(d). The low fluence one color spectrum exhibits predomi­
nantly ground state bands. In fact, the excited state bands are approximately one 
fifteenth of the intensity observed in the two color version shown in Figure 4.3(d). 
Under these laser conditions where the well known^7’23) [Ru(bpy)3]2+ excited state 
bands are only weakly formed, it is extremely unlikely tha t there is any significant 
contribution from SRS. Furthermore, since there is a  time delay of Ins between the 
30ps pump and probe pulses in Figures 4.3 there is no opportunity for coherent 
interaction between the two pulses.
There are several additional pieces of evidence for the absence of SRS contribu­
tions in the spectrum. The first comes from the lack of the observation of intense 
peaks which are typically^50*54’56) generated by SRS at multiples of a fundamental 
vibrational frequency. This result is documented in Figure 4.7 where the high fre­
quency Raman spectrum of {Ru(phen)3J2+ is shown. A comparison of the high and 
low fluence spectra shows that all of the bands numbered 1 through 6 in Figure 4.7 
can be assigned to the excited state. The assignments of these bands are given 
in Table 4.3. Only two weak overtones are observed as well as four combination 
bands. If SRS was operative, multiples of each SRS fundamental are expected to 
be observed/50’54’55) It is impossible for the combination bands to result from SRS. 
Finally, the overtone observed a t 2605cm-1 is located 7cm-1 from the predicted 
frequency 2612cm-1 based on twice the fundamental frequency of 1306cm-1 . This 
result is not consistent with SRS where the higher order bands must be at exactly 
twice the fundamental frequency/50’54’55) The data  is, however, consistent with the 
observation of normal resonance Raman scattering where the anharmonicity of the 
potential can shift the frequency of the overtone.
Further evidence tha t SRS is not operative in our spectra comes from consider­
ation of the Raman intensities and frequencies observed for the fundamentals. As 
noted above five of the seven transient bands are shifted in frequency from ground 
state modes. In view of this fact, it is hard to explain these transient modes as SRS 
enhanced ground state v ibrations/50’54’55) In addition, the seven transient bands 
are observed with more or less equal intensity. This intensity pattern is not con­
sistent with that typically^50’54’55) observed with SRS. Due to the exponential gain 
coefficient most of the SRS intensity is channeled into the fundamental and higher 
order multiples of a  single mode. There are occasions where more than one mode 
is observed in SRS. In this case the participating bands are always the ones which
Table 4.3
No. Actual Frequency Assignment Obs. - Calc.
1 2517 1206+1306 +5
2 2605 2(1306) -7
3 2666 1206+1455 +5
4 2766 1306+1455 +5
5 2888 1306+1585 -3
6 2910 2(1455) 0
Assignments for high frequency Raman spectrum of 
[Ru(phen)3]2+. The No. corresponds to the band num­
ber designated in Figure 4.7. Assignments are listed 
as combination and overtones of the fundamental fre­
quencies listed in Table 4.2. The difference between the 
observed band position and the position calculated from 
fundamental frequencies is given in column 4. Units are 
in cm-1 .
1 2 0
exhibit the strongest fundamental intensity in the normal Raman spectrum. For 
[Ru(phen)3]2+ this is the 1451cm-1 ground state mode. However, in the transient 
spectrum this is not the strongest band implying again tha t SRS contributions 
to the spectrum are insignificant. In comparison, the known SRS spectrum of 
benzene^60’59) shows the pattern expected for SRS in th a t most of the intensity is 
channeled into the fundamental and higher order multiples of the strongest band at 
991cm-1 .
C . D iscussion
Using the assignments discussed above and summarized in Table 4.1 and Table 4.2 
it is possible to address the question regarding the fate of the electron following 
MLCT excitation. There is no clear evidence from the mixed ligand spectra shown 
in Figure 4.4 for electron population on the phen ligand. If there is a bpy ligand in 
the molecule, only bpy excited state bands are observed. The previous interpreta­
tion of Turro e t.a l /42*43) tha t excited state bands from both ligands are observed 
in the mixed ligand complexes was based on the observation of the 1451cm-1 band 
in a one color spectrum of [Ru(bpy)(phen)2 ]2+. This band is quoted as 1459cm-1 
in their sp ec tra /42*43). It is shown here that, in fact, there are both ground and 
excited state bands a t this frequency. Furthermore, Figures 4.4(b) and 4.4(c) show 
that a t 1451cm-1 only bleaching due to a  ground state band is observed in the 
two color spectrum of the mixed complexes. Figure 4.8 shows the spectrum of 
[Ru(bpy)(phen)2 ]2+ and [Ru(phen)3]2+ where both have been corrected for deple­
tion using acetonitrile as solvent. Dotted lines connect some of the excited state 
phen bands in Figure 4.8(b) with their expected position in Figure 4.8(a). The 
time delay between pump and probe lasers in this figure is Ops. As indicated in the 
figure there is no evidence^58) for the existence of bands corresponding to excited 
state phen in Figure 4.8(a). The da ta  presented here are therefore quite unambigu­
ous in showing tha t the 1451cm-1 phen band in the mixed complexes results from 
predominantly ground state parentage.
As for the dynamics of interligand electron transfer, the following observations 
are made. The relative absorption spectra indicate tha t the individual complexes 
[Ru(bpy)3]2+ and [Ru(phen)3]2+ both(7>42) have appreciable absorption at 532nm. 
The pure two color spectra of the respective symmetric complexes support the 
fact tha t both phen and bpy MLCT transitions are excited at 532nm. Since both 
ligands appear to be initially populated, it might be argued that the absence of 
excited state phen bands in the mixed ligand complexes indicates tha t interligand 
electron transfer occurs from phen to bpy on a picosecond or faster time scale.
In mixed ligand complexes, it has been found^43’60) that the transient Raman 
spectrum of the MLCT state localized on the higher energy ligand has a reduced 
intensity compared to what is expected based on the intensities of the symmetric 
complexes. The intensity change for the higher energy ligand in the MLCT state is 
probably the result of a reduction in population but could also be due to changes 
in the resonance Ram an enhancement. For example, in [Ru(bpy)(Me2 -bpy)2 ]2+ the 
excited state bands corresponding to the higher energy MLCT state localized on
the Mea-bpy ligand were found^60) to be three times smaller than expected based 
on the relative intensities of the excited state bands of [Ru(bpy)3]2+ compared to 
[Ru(Me2-bpy)3]2+.
In contrast to  what is observed for the excited state, the intensities of the pure 
ground state bands for both bpy and tye2-bpy appear as expected. If excited state 
bands of the higher energy MLCT state are reduced in intensity for the mixed 
phenanthroline complexes, the excited state phen bands would be harder to detect 
comp axed to those of the bpy ligand since the phen ligand is slightly higher in energy. 
This energy relationship is determined by analogy with ground state electrochemical 
potentia ls/61) For these reasons the present data cannot unambiguously establish 
the dynamics of electron transfer/62) Ignoring the uncertainty of the resonance 
enhancements for the phen and bpy ligand in the excited M LCT state, the following 
two conclusions can be reached with a reasonable degree of certainty. First, if there 
are any electrons localized on the phen ligand, the ratio of the ensemble population 
on the phen ligand must be less than 20% compared^63) to bpy. Secondly, the 
population distribution is established on a time scale of <30ps or > ln s  since the 
excited state to ground state intensities of bpy bands in [Ru(bpy)(phen)2 ]2+ is 
invariant with time delay from Ops to Ins using a  30ps laser pulse.
The vibrational structure of the transient [Ru(phen)3]2+ spectrum may pro­
vide the key to understanding the nature of the molecular orbital which receives 
the electron resulting from MLCT excitation. Early theoretical work^44) showed 
that this electron was localized near the diimine framework of the molecule. Later
calculations*45) indicated that the electron was better described as delocalized over 
the entire it molecular orbitals of the phenanthroline ligand. If the later picture 
is correct the phen ligand should provide a  higher degree of delocalization com­
pared to bpy. As a  result, the vibrational structure of the phen ligand would be 
less sensitive to reduction compared to bpy. This conclusion is consistent with the 
changes observed in the ground and excited state frequencies discussed above for the 
[Ru(phen)3 ]2+ and [Ru(bpy)3]2+ complexes. It is speculated tha t the reason why 
many of the phen fundamentals*65’66) are invariant to the effects of MLCT excita­
tion is due to the higher degree of delocalization of the electron on the phen ligand. 
More work is necessary to establish the correlation between vibrational structure 
and molecular structure of the photoreduced ligand. In particular, it would be in­
teresting to investigate the vibrational structure of the uncomplexed phen radical 
anion. This research is currently underway in other laboratories.*67)
D. Conclusion
The interpretation of the transient Raman spectra of the complexes [Ru(bpy)3_„(phen)n 
where n=0,l,2,3. was performed by obtaining the pure two color spectrum corrected 
for optical density changes caused by the pump laser. For [Ru(bpy)3]2+ this correc­
tion shows that all ground state Raman bands originate from unexcited molecules. 
There is no evidence for population bleaching. In addition, there are no bands 
which can be identified with the unexcited ligands in a  molecule where one ligand 
has undergone MLCT excitation.
The spectroscopic conclusions for the [Eu(phen)3]2+ complex are the same 
as those for [Ru(bpy)3]3+. All ground state bands originate from unexcited 
molecules and are absent in the corrected spectrum. TVansient bands are as­
signed to the [Ru(phen)3]2+ excited MLCT state. The possibility th a t the tran­
sient bands originate instead from ground state ligands in a  complex with one 
excited phen ligand such as [(p h en )2 Ru(III)(phen#')* ]3+ was excluded. This con­
clusion was reached from the observation that the phen transient bands are not 
present in the spectrum of [Ru(bpy)(phen)2 ]2+ where the photogenerated species 
[(p h en )2Ru(III)(bpy*' )*]3+ exists.
In the two color spectrum of [Ru(bpy)3]3+ the transient bands are clearly visible 
even in the uncorrected spectrum. However, for [Ru(phen)3]3+ the major transient 
bands are evident only after the spectra are corrected. The reason is that the major 
transient bands in the [Ru(phen)3]2+ spectrum are overlapped with intense ground 
state bands and are obscured by depletion of the la tter due to changes in the optical 
density resulting from the pump laser. This conclusion is supported by the one color 
high fluence spectrum shown in Figure 4.1(a), where the intensity of transient bands 
is much larger than in the two color spectrum /68) In this case, all of the transient 
bands can be clearly identified in the spectrum. It was also demonstrated that 
the phen excited state bands do not originate from photogenerated impurities or 
stimulated Raman scattering.
The conclusions regarding the rate of interligand electron transfer in the excited 
MLCT states of mixed ligand complexes can be summarized in the following way.
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The absence of excited state phen bands in the mixed ligand complex indicates 
either a  change in resonance enhancement for the higher energy phen MLCT state 
or a reduced population for the electron localized on this ligand in the MLCT state. 
The relative populations on the bpy and phen ligands are established faster than 
30ps or slower than Ins since no interligand electron transfer was found to occur on 
this time scale.
Chapter 5
M LCT Excited States o f  (4 ,4’-d im eth yl 2 ,2’-bipyridine) R n(II) Complexes
The investigation of ILET in the MLCT excited state is extended to mixed-ligand 
complexes of [Ru(Me2 -bpy)n(bpy)3 _n]2+, where n=0,l,2 ,3 , and Me2 -bpy represents 
4,4’-dim ethyl 2,2’-b ipyrid ine/60! It is noted that nanosecond Ram an results on 
these complexes have been reported in the literature recently/12,70! However, in 
addition to the Raman bands observed in the nanosecond studies, many new bands 
have been observed in this picosecond study. Assignments of these bands have been 
made and are presented in this chapter. Furthermore, results were obtained which 
indicate that electron localization in the MLCT excited state results in electron 
density residing on either the bpy or Me2-bpy ligand in any given molecule. Theses 
results are discussed with regard to the electron transfer dynamics in the MLCT 
excited states of these mixed-ligand complexes.
The two-color pump and probe Raman technique discussed in Chapter 4 was 
used to measure the relative populations of electron density on the respective ligands 
over a time scale ranging from 10“ n s to 10-6 s (the la tter corresponding approx­
imately to the MLCT excited state lifetime). A pump pulse prepared the excited 
MLCT state. At various times subsequent to excitation the excited state was probed 
to determine the extent of ILET. In this way, the first direct measurement of the 
dynamics of ILET was performed for these mixed-ligand Ru(II) complexes.
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A . Experimental
Compounds were synthesized as chloride salts using previously published^12’70) 
methods. Purification was achieved by repeated recrystallization and separation 
on Sephadex LH20. Product identification was verified by comparison to pub­
lished ultraviolet and visible absorption spectra. In addition mass spectral analysis 
was performed. The purity of the [Ru(bpy)(Me2-bpy)2]2+ and [Ru(bpy)2(Me2- 
bpy)]2+ mixed-ligand complexes were examined using a  Bruker AM400 high reso­
lution NMR. The ring protons corresponding to the bpy and Me2-bpy ligand were 
very well resolved. Assignments of NMR bands were made by comparing them 
to the bands corresponding to the symmetric complexes. Integration of the bands 
corresponding to the protons on the bpy and Me2-bpy ligands indicated that an 
impurity of (Ru(Me2-bpy)3 ]2+ if it is present a t all must be less than 1% of the 
composition of the sample.
Picosecond dynamics were obtained by introducing an optical delay between 
the pump and probe pulses. The accuracy of the delay stage was O.lps. However, 
the time resolution was limited by the 30ps laser pulse width. Nanosecond delays 
were created using a pair of picosecond regeneratively amplified Nd:YAG lasers 
which were temporally synchronized and electronically delayed with a Precision 
Instruments digital delay generator.
Low temperature experiments were performed using a spinning cell. The de­
sign consisted of an aluminum sample cell which was in direct contact with a low
temperature bath. Both the cryogenic bath and the sample cell were set in motion 
to avoid repetitive sampling of the same region of the sample by successive laser 
pulses. The temperature was checked with a  thermocouple. At 295K and 195K 
an in iitu  measurement of the tem perature was made using the ratio between the 
intensities of the Stokes and anti-Stokes solvent bands in a  2mM methanol solution 
of [Ru(bpy)3]2+. This method was used to  verify tha t heating does not occur within 
the laser irradiated volume. The intensity of the anti-Stokes bands was too weak at 
90K to spectroscopically verify the temperature. A dry ice/acetone bath was used 
to establish the 195K tem perature and liquid nitrogen was used to reach 90K.
B. Spectroscopic Analysis
The ground and excited MLCT states both have large resonance Ram an enhance­
ments at the probe laser wavelength of 354.7nm. As a result, bands from each 
electronic state were observed in the spectrum. Ram an bands in the transient 
spectrum were assigned with respect to the ligand parentage and electronic state 
character using the method described in Chapter 4 (Section B .l).
The one color picosecond transient Ram an spectra obtained under high fluence 
conditions for [Ru(bpy)3]2+, [Ru(bpy)2(Me2-bpy)]2+, [Ru(bpy)(Me2-bpy)2]2+ and 
[Ru(Me2-bpy)3]2+ are shown in Figures 5.1(a) through 5.1(d) respectively. As­
signments of bands with respect to the ligand parentage are made by comparing 
the frequencies of bands in the mixed ligand complexes to those found in the tris 
substituted complexes. In most cases, the vibrational frequencies associated with
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Figure 5.1 One color picosecond Raman spectra obtained at 354.7nm excitation 
in H 2 0 . The assignments from Thble 5.1 and Table 5.2 are given in the figure. 
Assignments are omitted where the bands are extensively overlapped. The desig­
nation B and B* correspond to  the ground and excited state of bpy respectively. 
The designation M and M* correspond to the ground and excited state of Me2-bpy 
respectively. Laser energy was 100/itJ/pulse in a  beam waist estimated to be ap­
proximately 250/im. Concentration was 2mM in H20
A) [Ru(bpy)3]2+
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a particular ligand do not change when a different ligand is substituted into the 
complex. The invariance of these frequencies to  ligand substitution permits rapid 
identification of the Ram an bands with respect to ligand parentage. For example, 
there is a  ground state band near 1618cm-1 in each of the three methyl substituted 
bipyridine spectra shown in Figure 5.1(b)-5.1(d). The intensity of this peak drops 
in each of the successive spectra as the concentration of Me2-bpy in the complex 
is reduced. In the spectrum of [Ru(bpy)3]2+ [Figure 5.1(a)] the peak vanishes. 
The frequency of this band only changes by a total of 1cm- 1  in each of the three 
spectra where the complex contains the Me2-bpy ligand. This band is therefore 
assigned to the Me2-bpy ligand. There are additional bands in the low frequency 
[Ru(bpy)(Me2 -bpy)2]2+ spectrum which have not been assigned previously. These 
bands are shown together with their assignments in Figure 5.2.
The spectral congestion in Figure 5.1 prevents the positive identification of sev­
eral important bands. In order to reduce the spectral complexity the two color 
method is applied. The absorption spectrum of [Ru(bpy)3]2+ a t the pump and 
probe laser wavelengths is shown in Figure 5.3. The 532nm pump laser is shown in 
the figure to be resonant with the low energy tail of the MLCT absorption. As a 
result, excitation at 532nm should produce the same MLCT state as with 354.7nm 
excitation. The two color Raman spectra of [Ru(bpy)(Me2 -bpy)2]2+are illustrated 
in Figure 5.4. The top two spectra were obtained in a single experiment using 
chopped laser excitation. Figure 5.4(a) is the raw two color spectrum containing 
one color background components. The optical delay is set so that the pump and
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F ig u re  5.2 One color picosecond Ram an spectra obtained a t 354.7nm excitation 
in HaO showing the low frequency region. The designation B* and M* refers to the 
excited states of bpy and Me2-bpy respectively. A dashed line is drawn between 
figures B) and C) a t the position of the Me2-bpy excited state  band. Laser energy 
was 1 0 0 /iJ/pulse in a beam waist estimated to be 250^m. Concentration was 2mM 





















Figure 5.3 Absorption spectrum of [Ru(bpy)(Me2 -bpy)2 ]2+ in H 2 O at a con­
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F ig u re  5.4 Transient Reiman spectrum of the MLCT state of [Ru(bpy)(Me2 - 
bpy)2 ]a+ in H3 O using two color excitation at 532nm and probe a t 354.7nm. Time 
delay between pump and probe lasers is Ops. Dashed lines connect ground state 
bands in each figure. Concentration was 2mM.
A) Two color spectrum including one color background components obtained by 
simultaneous excitation a t 354.7nm and 532nm. Pulse energy a t 354.7nm was 30/iJ 
in a 3mm beam waist. Pulse energy at 532nm was 200/iJ in a  1mm beam waist.
B) One color background spectrum obtained with 354.7nm excitation alone. Aster­
isks indicate excited state bands.
C) Pure two color spectrum obtained by subtracting the one color background com­
















probe lasers arrive simultaneously a t the sample. Figure 5.4(a) is very similar in 
appearance to the one color spectrum  shown in Figure 5.1(c). This verifies that 
excitation at 532nm populates the same state ultimately produced by 354.7nm ex­
citation. Figure 5.4(b) is the one color spectrum produced by the probe laser alone. 
Excited state bands are indicated by asterisks and are notably small due to the low 
laser fluence of the probe pulse. Figure 5.4(c) shows the pure two color spectrum 
obtained by subtracting the background spectrum shown in Figure 5.4(b) from the 
raw two color spectrum in Figure 5.4(a). Dashed lines connect the ground state 
bands. It can be seen in Figure 5.4(c) th a t ground state bands appear as negative 
going peaks due to bleaching of the ground state population. This is not an ex­
perimental artifact as was discussed in Chapter 4 (Section B .l). Figure 5.4(c) is 
noticeably less complex than the one color spectrum shown in Figure 5.1(c). In fact, 
several previously unresolved peaks can now be clearly identified. The large peak at 
1550cm"1 in Figure 5.1(c) is shown in Figure 5.4(c) to consist of three major bands 
corresponding to a  bpy and Me2 -bpy excited state bands positioned at 1542cm"1 
and 1569cm"'1 ’ respectively. The third peak in this cluster of bands is a ground 
state band at 1552cm"1. There is another peak which deserves mention. This is 
the multi-component band at 1495cm"1 in the one color spectrum. In Figure 5.4(c) 
this band is clearly separated into a ground and excited state bands at 1482cm"1 
and 1500cm"1 respectively.
All of the assignments for the symmetric and mixed ligand complexes are sum­
marized in Table 5.1 and Thble 5.2. This data  was taken from spectra obtained
Table 5.1
Assignment [Ru(M ej-bpy)s)3+ (Ru(bpy)(M ea-bpy)2), + (Ru(bpy)a(M ej-bpy)J*+ [R u(bpy)j]a+
B - - - 1023
M 1025 (1024) (1024) -
M 1146 1146 - -
B - 1173 - 1173
B - - - 1253
M 1258 (1255) - -
M 1316 (1314) (1318) -
B - - - 1317
M 1481 (1482) - -
B - - - 1488
M 1552 1552 - -
B - - - 1561
B - 1603 1605 1605
M 1619 1618 1618 -
Ground state Raman bands and Stokes shift in cm-1. All frequen­
cies are calibrated against the Rayleigh line and are believed to be 
accurate to ±1.5cm_1. The horizontal rows are arranged so that 
each row corresponds to only one band assignment which is listed in 
the left most column. The designation M refers to bands assigned 
to the ground state of Mej-bpy ligand and B to the ground state 
bm  ligand. The frequencies in parentheses are believed to consist 
of more than one band. In this case the assignment is given to the 
band which is believed to have the largest contribution of the peak 
intensity.
Table 5.2
Assignment [Ru(Me2-bpy)s]2+ [Ru(bpyXMe2-bpy)3]2+ {Ru(bpy)i(M *2-bpy)]2+ (Ru(bpy)3)2+
M* 725 726 - -
B* - 739 740 740
M* 1184 1182 - -
M* 1208 - - -
B* - (1208) (1208) 1209
B* - (1281) (1280) 1282
M* 1287 - - -
M* 1332 1331 - -
B* - 1360 1361 1362
B* - 1424 1422 1425
M* 1448 1447 1448 -
B* - - - 1476
B* - (1500) - 1502
M* 1500 - - -
B* - 1542 - 1545
M* 1572 1569 - -
Excited state Raman bands and Stokes shift in cm-1. All frequen­
cies are calibrated against the Rayleigh line and are believed to be 
accurate to ±1.5cm-1 . The horizontal rows are arranged so that 
each row corresponds to only one band assignment which is listed in 
the left most column. The designation M* refers to bands assigned 
to the excited state Mej-bpy ligand and B* to the excited state bpy 
ligand. The bands in parenthesis are believed to consist of more 
than one band. In this case the assignment is given to the band be­
lieved to have the largest contribution of the peak intensity.
under different experimental conditions including low fluence one color spectra as 
well as pure two color spectra. The data from the two color spectra for IRu(bpy)3]2+, 
[Ru(bpy)(Me2 -bpy)2]2+, and [Ru(Me2 -bpy)3]2+ are included in Figure 5.5 and Fig­
ure 5.6 to illustrate how the assignments for ligand parentage were obtained. Low 
fluence spectra are presented in Figure 5.5. Dashed lines connect ground state 
bands of bpy parentage. Solid lines connect bands of Me2-bpy parentage. Excited 
state bands are indicated by asterisks. Figure 5.6 illustrates the pure two color 
spectrum of the same complexes shown in Figure 5.5. Again, dashed lines connect 
bpy excited state bands, solid lines connect Me2-bpy excited state bands. The raw 
two color data are not presented because of its similarity to the one color spectra 
in Figure 5.1.
The spectral assignments discussed above lead to the unambiguous conclusion 
that electron density exists in the MLCT states of both ligands in the mixed com­
plexes of [Ru(bpy)2 (Me2 -bpy)]2+ and [Ru(bpy)(Me2-bpy)2]2+. This result could be 
evidence for either a completely delocalized electron with dynamic electron transfer 
between ligands, or one electron trapped in the potential well of either ligand. In 
the latter, this would appear as electron population on both ligands when an av­
erage population of molecules is sampled by the laser. These two possibilities are 
differentiated in the discussion tha t follows.
By comparing the frequencies of the excited state bands assigned to the individ­
ual bpy and Me2-bpy ligands as listed in Table 5.1 and Table 5.2 it can be seen that 
the frequencies axe remarkably invariant to ligand substitution throughout the series
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F ig u re  5.5 Low fluence spectra obtained with one color excitation at 354.7nm. 
This series of data where obtained in tandem with th a t in Figure 5.6. The data 
shown here represent signal obtained when the chopper blocked the 532nm beam. 
Laser energy a t 354.7nm is 40/iJ/pulse in a 3mm beam waist. Concentration is 
2mM in H3 O. Excited state bands are labeled with an asterisk. Ground state bpy 
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F ig u re  5.6 Pure two color spectra obtained by subtracting the one color signal 
shown in Figure 5.5 from the raw two color signal similar to tha t in Figure 5.4a. 
Laser energies are given in Figures 5.4 and 5.5. Dashed lines connect excited state 
bpy bands. Solid lines connect excited state Me2-bpy bands. Concentration was 
















of metal complexes investigated. It is known that the vibrational force constants 
are extremely sensitive to electron reduction as occurs in the MLCT states.^7’8) In 
fact, it was the invariance of the frequencies of these bands to ligand substitution in 
an analogous series of molecules which originally proved^7’8) that the electron in the 
MLCT state of {Ru(bpy)3]2+ was localized. In the present study, the frequencies 
of bands corresponding to the excited states of both ligands are unchanged with 
substitution. FVom this it can be concluded tha t in any given molecule, the electron 
is localized on either type of ligand on the vibrational time scale.
C. Dynam ics from Therm alized Vibrational States
It is possible to measure the rate of E-T from the bottom of the potential by 
increasing the delay between the pump and probe lasers. Figure 5.7 shows the result 
of such an experiment where the MLCT state is prepared by 532nm excitation and 
probed at a later time by Raman scattering at 354.7nm. The ratio of the peaks 
at 1424cm-1 , 1447cm-1 , 1542cm-1 and 1569cm-1 provide an internal calibration 
for the relative electron population on the bpy and Me2-bpy ligands. These peaks 
are labeled with respect to their ligand parentage in Figure 5.7. There are no 
dynamics occurring on a picosecond time scale. Any dynamics occurring after 
500ps are assumed to be from vibrational states in thermal equilibrium with the 
solvent. Figure 5.7 shows the results at longer time delays. There is no change in 
the relative intensities of the respective bands from each of the dissimilar ligands 
over the range of delays investigated. This places an upper limit on the E-T rate
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F ig u re  5.7 Pure two color spectrum of the MLCT state of [Ru(bpy)(Me2 -bpy)2]2+ 
produced by excitation a t 532nm (200/iJ/pulse, 1mm beam waist) and probed at 
354.7nm (30/iJ/pulse, 1mm beam waist). The temporal delay between the pump 
and probe lasers is given in the figure. Solid lines labeled M* indicate bands assigned 
to the excited state of Me2 -bpy. Bands labeled B* indicate bands assigned to the 
excited state of bpy. D ata  shown here were obtained by subtracting the one color 
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between ligands of <  2  x 1 0 6  s- 1 .
Another interpretation of the experimental d a ta  which must be considered, is 
tha t the rate of ILET is faster than the 30ps observation time, but slower than the 
vibrational time scale of 10- 1 4 s. If this were so, the vibrational spectrum would 
reflect a localized electron and the time delayed spectrum would not change due to 
a rapid equilibrium between the two ligands. This possibility can be checked by 
measuring the ratio of the bpy and Me2-bpy peaks as a  function of temperature. 
This ratio will change if the following two conditions are valid. First, the energy 
difference between ligands must be > kT  over the range of tem peratures investigated. 
Secondly, the rate of ILET must be sufficiently fast to permit rapid equilibrium 
between the ligands. If these conditions apply, the population will collapse into the 
lower lying energy ligand as kT is reduced.
The energy gap between the vibrationless levels in the respective ligands is not 
accurately known. It is common^70) in E-T studies to estimate the energy gap by 
electrochemical measurements of the respective reduction potentials for the ground 
state of the donor and acceptor. The electrochemically reduced species is thought 
to exist^35) as [Ru(bpy)2 (bpy“ )]+ . Although this species is not identical to the 
MLCT state produced by photoexcitation, it is thought to mimic excited state 
behavior. The difference in the reduction potentials between bpy find Me2-bpy 
in the tris substituted complexes should provide a reasonable measurement of the 
energy gap between ligands in the excited MLCT state. These experiments have 
been performed for [Ru(bpy)3]2+ and [Ru(Me2 -bpy)3]2+ and indicate tha t the Me2-
bpy ligand is 890cm” 1 higher in energy than  the bpy ligand.(12) This result has 
been qualitatively verified by ESR measurements^71) on the radical anions of bpy 
and Me2-bpy complexed to potassium metal. These studies indicate^71) tha t the 
electron donating properties of the methyl groups cause the Me2-bpy ligand to be 
less efficient as a v  electron acceptor. Consequently, the M LCT state for Me2-bpy 
will be higher in energy than bpy. In addition, HMO calculations^71) indicate a 
clear difference in the electronegativities of the nitrogens in the respective ligands. 
These results also support the notion tha t bpy is a better electron acceptor than 
Me2 -bpy.
Figure 5.8 shows the one color spectrum of [Ru(bpy)(Me2 -bpy)2]3+ at 90K, 
195K, and 295K. These spectra were taken in CD 3 OD to avoid solvent bands in 
the region of interest. The 90K d a ta  was obtained below the glass point in a 60:40 
mixture of CD3OD and D 2 0 . Assuming an 890cm-1 energy gap, simple statistical 
mechanics indicate tha t the relative population on the Me2-bpy and bpy ligands 
should change by a  factor of 2 x 104 between the two tem peratures shown in Fig­
ures 5.8(a) and 5.8(c). There is no indication for any intensity change in Figure 5.8. 
Even a very small energy gap of 60cm-1 should exhibit a factor of two change 
between the high and low tem perature conditions in Figure 5.8. The fact that no 
change is observed is taken as evidence tha t the two ligands are not in thermal 
equilibrium with each other. It should be mentioned, tha t the possibility of sol­
vent effects on the rate of ILET were checked a t room tem perature using the two 
color method described above. Again, as was the case for H 2 0 , no dynamics were
F ig u re  5.8 One color spectrum of the M LCT state of [Ru(bpy)(Me3-bpy)3]a+ 
produced by excitation a t 354.7nm (30/iJ/pulse, 250/im beam waist). The temper­
atures are given in the figure. Concentration was 2mM in CD3 OD for figures B) 
and C). Figure A) was obtained a t 2mM in a  60:40 CD3 0D :D 30  glass. Solid lines 
labeled M* indicate excited state  bands of Me3 -bpy. Bands labeled B* correspond 
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observed out to 500ns for [R-u(bpy)(Me2 -bpy)2 ]2+ in CD3 OD.
The low tem perature experiment rules out the possibility th a t the rate of ILET 
is >  1 0 1 1 s“ 1. For this conclusion to be invalid the energy gap would have to be 
much less than 60cm-1 . In view of fact tha t the experimental estimate is 890cm-1 , 
it is difficult to imagine th a t the actual value is less than 60cm-1 . Therefore, these 
experiments provide conclusive evidence for very slow electron transfer between bpy 
and Me2 -bpy ligands.
D. Dynam ics from Excited Vibrational States
By comparing the vibrational band intensities as a function of excitation wave­
length it should be possible to determine if excited vibrational states significantly 
contribute to E-T. This reasoning is assumed to be valid as a result of simple rate 
law considerations. Once E-T occurs from the higher energy ligand to the lower, 
the larger density of states on the lower energy ligand should effectively trap  the 
electron on th a t potential surface. Figures 5.1(c) and 5.4(a) show a comparison of 
the transient Ram an spectrum of [Ru(bpy)(Me2 -bpy)2]2+ produced by excitation 
at two different wavelengths. The transient MLCT state was probed at 354.7nm in 
both figures. In Figure 5.1(c) the excited state was created by excitation a t 354.7nm 
while in Figure 5.4(a) over 90% of the excited state was produced by 532nm exci­
tation. The intensities of the bpy and Me2-bpy excited state bands in these two 
spectra are the same. From this it can be concluded that the relative electron pop­
ulations on each of the two dissimilar ligands are not influenced by the energy of
excitation.
Laser radiation a t 532nm should prepare the excited state with no more than 
1480cm-1 excess vibrational energy whereas excitation a t 354.7nm results in pop­
ulating vibrational levels with 11,000cm - 1  excess energy/72) The 532nm excitation 
is believed to be below the barrier on the reaction coordinate to ILET. The barrier 
is comprised of intramolecular and solvent reorganization energies. Estim ates of the 
barrier height have been made using Ram an spectroscopy/73) In this experiment the 
barrier height was approximated by measuring the difference between the molecular 
configuration of bpy in the ground and excited MLCT state. A total solvent and 
intramolecular reorganization energy of 2580cm-1 was ob ta ined /73)
It should be pointed out th a t there is substantial error involved in locating the 
zero level transition due to a large Stokes shift in the emission spectrum resulting 
from solvent reorganization/74) The values quoted here assume tha t the emission 
maximum of the complex a t 77K is the most accurate estimate of the vibrationless 
transition. To the extent th a t these estimates of the barrier height are correct, 
excitation at 532nm will populate levels below the barrier. The invariance of the 
electron population observed on bpy and Me2-bpy to excess vibrational energy sev­
eral times that necessary to overcome the barrier indicates tha t vibrational cooling 
completely quenches the excess energy before E-T takes place. This may occur on 
the singlet state produced by the initial electronic excitation or after intersystem 
crossing into the lowest triplet MLCT state.
E. Conclusion
The slow rate of ILET measured above is consistent with ESR line width estimates*35) 
of E-T for electrochemically reduced [Ru(bpy)3 ]3+ where the rate was determined 
to be » 1 0 7 s- 1 . As previously mentioned, the electrochemically reduced species 
is believed to be [Ru(bpy)2 (bpy- )]+ . Indirect measurements of electron hopping 
in [Ru(bpy)3 ]3+ have also been done by fluorescence polarization experim ents/78) 
These data are also consistent with the results presented here and indicate that 
there is a only a small probability of electron hopping on the time scale of 300ns in 
[Ru(bpy)3]2+ at 77K.
In addition, there is a large body of experimental data on the emission properties 
of mixed ligand Ru(II) complexes/77) Recently DeArmond et a l / 78) have obtained 
evidence for dual emission in Ru(II) complexes where the lifetime of the higher 
energy ligand is l/is. This result is consistent with a slow rate ILET. Aside from 
this, very little evidence has been found for dual emission resulting from dissim­
ilar ligands/77) For this reason it is believed tha t ILET can be much faster than 
2 x 106 s- 1  when the driving force becomes larger. It should be noted that the 
emission lifetime*79) of [Ru(bpy)s]3+ is 0.6/is. In order to determine differences in 
the emission properties from two dissimilar ligands in the same complex, there must 
be a substantial energy gap to significantly shift the emission spectrum. If the rate 
of ILET is highly dependent on the energy gap as predicted by electron transfer 
theory ,* 3 9 ’31  “ 34’39) it may be difficult to observe dual emission in these complexes. 
Further experiments are in progress to measure ILET as a function of the energy
gap using picosecond Ram an spectroscopy. The results^80'81) are consistent with 
those above and indicate a  strong free energy dependence to the ILET rate con­
stant. These experiments should provide additional insight into the intramolecular 
electron transfer processes in m etal complexes.
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Part III 
Chapter 6
Photochem istry o f Pentaamminerntheninm (II) Complexes
A. Introduction
This chapter concerns the study of photochemistry involving the MLCT excited 
state of pentaammineruthenium (II) complex, [Ru(NH3)6(bpy)]2+, where bpy is 
4,4’-bipyridine. The photochemistry of this complex and other related pentaam­
mineruthenium (II) complexes have been explored in detail in the p a s t /1-5) The 
visible spectrum of this complex is dominated by the intense MLCT transition 
bands, and its excited state manifolds are related to those of the polypyridine ruthe- 
nium(II) complexes discussed in the last three chapters.
Recently, a comprehensive picosecond absorption study by Winkler et alS6  ̂ has 
confirmed the identity of the visible wavelength absorption of [Ru(NH3)s(bpy)]2+as 
being MLCT in nature, and this MLCT state was modeled as being [Ru7 //(NH3)5 
(bpy“ )]2+.(6’8) They have also studied^6) the MLCT excited state properties of 
[Ru(NH3)5 (bpy)]2+and its protonated form [Ru7/(NH3)6(bpy-H)]3+, designated 
here as (IH+ ), where (I) is [Ru(NH3 )s(bpy)]2+. The protonated form was prepared 
by adjusting the pH of the solution (p H a l in 0.1M aqueous HC1 solution). It was 
found that the MLCT excited state of (I) showed biphasic behavior with lifetimes 
of <36ps and «230ps. The shorter lifetime component was attributed^6) to several 
possible relaxation processes: a) solvent relaxation of the Franck-Condon MLCT
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state, b) intersystem crossing of the initially formed MLCT state to the triplet state 
and c) conformation change involving the two pyridine rings going from a twisted 
to a  coplanar configuration. It was also determined tha t the protonated form (IH+) 
has an excited state lifetime of <30ps (pulse-width limited).
Another possibility for the short lifetime (<36ps) component in (I)* was provided 
by the results of a  recent resonance Ram an study by Spiro et alS7) Using nanosecond 
laser excitation, the transient vibrational spectra revealed tha t the excited state of 
(I) has two sets of vibrational bands. One set was assigned to the MLCT state 
corresponding to (I) and the other to the MLCT state corresponding to (IH+ ). The 
implication from these results was tha t substantial protonation takes place during 
the 230ps lifetime of (I)*. In fact, the rate constant for protonation observed in 
this study appeared to be significantly larger than the rate constant estimated^7) 
from diffusion limited kinetics. The latter indicated that less than 0.1% of the 
excited state population would become protonated during the 230ps lifetime. Since 
a much higher apparent concentration of (IH+)* was observed, it was suggested^7) 
that the fast nonequilibrium proton transfer was being facilitated by the alignment 
of hydrogen-bonded solvent molecules undergoing relaxation around the perturbed 
(I)* molecules. This argument was reinforced by the fact that the enhanced basicity 
in the MLCT state (pK0 of 11.4 was estimated^7)) would cause the protonation of 
essentially all of the excited molecules under equilibrium conditions.
Evidence for alignment of solvent structure by excited state dipoles has been 
found previously for 1,8-anilinonaphthalene sulphonate (ANS). In ANS it is believed^9)
that there is an increase of charge density on the S 0 3 group in the excited state. 
Following solvent reorganization, evidence was found for a configuration of the local 
solvent structure which resulted in efficient hydrogen bonding. In this way, hydro­
gen bonding of ANS with a number of water molecules could be established on the 
time scale of solvent reorganization.
In order to determine if protonation occurs through solvent relaxation in 
{Ru(NH3 )s(bpy)]2+, the excited states of (I) and (IH+ ) forms of this complex have 
been investigated using the picosecond resonance Ram an technique and the results 
are presented in this chapter.
B. Experimental
The experimental apparatus employed is similar to the one described in Section E .l 
in Chapter 3. The pulse width was varied from 30ps to 150ps using the technique 
described in Section D.3 in Chapter 2. The pulse energies in this experiment ranged 
from 10/iJ to 100/zJ at 532nm in a  beam waist estimated to be 250/im. The sample 
was contained in a rotating cell to ensure that successive laser pulses interrogated 
a fresh region of sample. Concentration was ImM. The sample volume was 10ml 
and was changed after 20 minutes of excitation. This was done to replenish the 
sample due to permanent photobleaching. After 20 minutes of excitation under the 
laser conditions cited above it was estimated th a t 30% of the sample had under­
gone photoligation. This reaction has been noted before^6). It has been 6hown that 
picosecond excitation results in multiphoton absorption^6); The two-photon absorp-
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tion, which corresponds energetically to one photon absorption a t 266nm, can easily 
populate the intraligand tt, x* excited state. The population of this state and other 
highly reactive upper ligand-field states causes the photoligation reaction to occur. 
There are two possible reaction channels. The first results in the replacement of 
NH 3  with H 2 0 . The (Ru(NH3 )4 (H2 0 )(bpy)]3+ reaction product is not expected 
to  change the Raman spectrum which primarily results from vibrations localized 
on the 4,4’-bipyridine ligand. The second possible reaction involves replacement 
of the bipyridine ligand with H2 0 . Since the photoproduct created by this second 
reaction channel does not absorb^6) at 532nm. this photoproduct should have no 
contribution to the transient Raman spectrum.
The compound was synthesized according to the methods published previously/10’11) 
The UV-visible absorption spectra of (I) and (IH+ ) in triply distilled and deionized 
water were obtained on a Cary-14 spectrometer and they were shown to agree with 
the published results/6,7) The pH of the sample was adjusted with a 0.1M HC1 
solution.
C. Results and Discussion
The resonance Raman spectra presented here are obtained by one color excita­
tion a t 532nm. The absorption spectra of (I) and (IH+ ) complexes in water dis­
played Amax=480nm (emax=12,600 M - 1  cm-1 ) and Amax=570n:n (emax=13,800 
M - 1  cm-1 ), respectively/7) The absorption spectra also show that both complexes 
absorb significantly at A=532nm. In addition, the excited state of both complexes
has an absorption^6) a t 532nm. Therefore, the Raman scattering from both the 
ground and excited state of these complexes are resonantly enhanced at 532nm. 
In order to assign the bands in a resonance Ram an spectrum to their electronic 
parentage, the spectrum has been obtained as a function of laser power. Figure 6.1 
shows the power dependence of the Ram an spectrum of (IH+ ). This result was ob­
tained at pH=1.5 where the complex is protonated in the ground state. The bands 
assigned to the excited state are observed to  increase in intensity at the higher laser 
power shown in the top view of Figure 6.1. In this regard, the spectral assignments 
for (IH+ ) in Figure 6.1 agree with the previous nanosecond results^7). The specific 
vibrational mode assignments and their frequencies can be found in ref. 7.
At pH =7 the complex is unprotonated in the ground electronic state. Under 
these conditions the picosecond transient Raman spectrum is similar to the nanosec­
ond analog^7) with one im portant difference. The bands assigned to the (I) excited 
state are observed in both the picosecond and nanosecond spectra. However, the 
nanosecond spectrum^7) exhibits a  second set of bands attributed to (IH+ )*. These 
bands are absent in the picosecond spectrum. This result is clearly seen in the 
picosecond Ram an spectra shown in Figure 6.2 obtained with a  laser pulse width of 
30ps. The top view corresponds to the Raman spectrum of (IH+ ) and the bottom 
view to  (I). Excited state bands are indicated in the figures. The difference between 
the transient Ram an spectrum of (I) and th a t of (IH+ ) is th a t the (I)* band at 
1500cm-1 shifts to 1517cm-1 in the protonated complex. In addition, the proto­
nated complex has a strong excited state band a t 1645cm-1 which appears as a
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F ig u re  6.1 One color transient Ram an spectra of (IH+ ) at 532nm, 30ps pulse 
width, 250/jm beam waist. Excited state bands are indicated in the figure. Top: 
High fluence spectrum obtained with a  laser energy of 100/jJ. This spectrum rep­
resents a sum of two 15 minute scans. Bottom: Low fluence spectrum obtained 
with a  laser fluence of 20/jJ/pulse in a 10mm diameter beam waist. This spectrum 
represents a sum of four 15 minute scans. Dashed lines are drawn to indicate the 

















F ig u re  6.2 One color transient Raman spectra at 532nm, 30ps pulse width, 
100/iJ/pulse in a  250/im beam waist. Excited state bands are indicated in the 
figure. Top: Spectrum of (IH+ ) at pH=1.5. Bottom: Spectrum of (I) a t pH=7.0. 
Bands assigned to the excited state of the protonated and unprotonated complex 
are labeled (IH+ )* and (I)*, respectively. Dashed lines are drawn to  indicate the 
absence of (IH+ )* bands in the lower spectrum. These spectra each represent a sum 
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shoulder on the ground state (IH+ ) band a t 1635cm” 1. There is no counterpart for 
this excited state band in the spectrum of the unprotonated complex. It should also 
be noted that the (IH+ )* spectrum is more intense than the (I)* spectrum due to a 
more favorable overlap of the (IH+ )* transient absorption maximum with the laser 
wavelength at 532nm. This results in a larger resonance Ram an enhancement for 
(IH+ )*. The picosecond spectra in Figure 6.2 clearly show that there is no evidence 
in the spectrum of (I) for excited state features corresponding to (IH+ )*. Similar 
results are obtained when the pulse width is increased to 150ps indicating that the 
rate of protonation is slow compared to the 230ps excited state lifetime.
D. Conclusion
The results from picosecond transient absorption study by Winkler et a l /6’12) sup­
port the picosecond Raman result in that the intermolecular protonation was found 
not to occur in the first 150ps following excitation. The transient absorption of 
(I)* and (IH+ )* were found to be considerably different with absorption maxima 
at 460nm and 560nm, respectively. Even a small percentage of (IH+ )* should be 
visible in the transient absorption spectrum. The fact that none is observed is addi­
tional evidence th a t no substantial protonation of the complex occurs in the excited 
state.
As indicated above it is possible for solvent reorientation about highly charged 
atoms to result in facile proton transfer. In the case of 4,4’-bipyridine, the atom 
expected to undergo proton transfer is the heteroatom in the ring adjacent to the
nitrogen-ruthenium bond. The longitudinal solvent dielectric relaxation time^13) 
of H jO  is 0.26ps. This indicates that solvent reorientation is complete on the 
experimental time scale of 30ps. The fact remains th a t no proton transfer to the 
photoreduced bpy ligand is observed. The implication is tha t the MLCT state does 
not create a substantial concentration of charge on the nitrogen atom expected to 
undergo proton transfer. As a consequence, the local charge is not large enough 
to structure the solvent in a way which leads to proton transfer a t rates exceeding 
those predicted by diffusion limited kinetics.
The remaining issue which must be addressed is why the previous nanosecond 
Ram an experiment^7) exhibited evidence for (IH+ )* formation in the excited state 
of (I). Considering the results presented here, the most plausible explanation seems 
to  be the repeated excitation of the complex during the 20ns laser pulse width. In 
other words, even if the rate of protonation in the excited state is consistent with 
diffusion controlled kinetics, the concentration of (IH+ )* may appear higher to the 
nanosecond experiment because the excited state is reformed many times during 
the 20ns laser pulse. In this case the excited state appears to live for nanoseconds 
thereby providing enough time for diffusion controlled kinetics to convert (I)* to 
(IH+ )V In contrast, the picosecond experiment is involved in only one cycle of ex­
cited state formation resulting in the observation of (I)* alone. For this mechanism 
to be feasible the rate of proton loss from (IH+ ) in the ground state must be slow 
compared to 20ns. In this regard, this mechanism seems completely reasonable in 
view of the fact th a t the (IH+ ) dissociation rate constant has been estimated^10) to
be 2 x l0 5s-1 in the pH range of 7 to 10. The nanosecond cycling mechanism was 
originally proposed by Winkler et a l / 6) to explain the observation tha t nanosec­
ond laser excitation^7’14’15) gave rise to small concentrations of ground state (IH+ ) 
whereas picosecond excitation did not. Both the picosecond Ram an results reported 
here, as well as the picosecond absorption^6) data  support a  slow rate of excited 
state protonation. Since the nanosecond Raman experiment^7) found considerable 
concentrations of (IH+ )* it would appear tha t the cycling mechanism is correct.
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Pari IV  
Chapter 7 
C onclusion
The chirped pulse regenerative amplification in Nd:YAG was demonstrated to be 
a method which enables both temporal compression and power amplification of 
an optical pulse at relatively high repetition rates. The pulse compression during 
chirped pulse regenerative amplification was attributed to the gain narrowing of the 
lasing medium. W ith the actions of a  grating pair, further compression could be 
achieved within the limit imposed by the gain bandwidth of the Nd.YAG regenera­
tive amplifier. The shortest compressed pulse width of ~12ps FWHM was obtained 
experimentally while a simulation study indicated that a pulse width as short as 
8.5ps FWHM is possible. The amount of spectral broadening in the optical fiber 
and the effects of gain narrowing and gain saturation in the regenerative amplifier 
were shown to influence significantly the temporal profile of the amplified pulse 
output. By taking advantage of these effects, it was demonstrated that the pulse 
width of the amplified output can be varied systematically from ~12ps to 150ps. 
Furthermore, a peak power in the ~gigawatt range could be obtained at kilohertz 
repetition rates using Nd.YAG as the amplifying medium.
These high peak power picosecond optical pulses were utilized in several time- 
resolved resonance Raman studies. The excited state electron transfer in polypyri­
dine ruthenium(II) complexes were investigated in Chapters 3. 4 and 5. It was 
found that in all of the complexes studied the metal-to-ligand transferred elec­
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tron is localized on a  single ligand on a  time scale as fast as ~30ps. In the case 
of mixed-ligand complexes, the assignments of Ram an bands were considerably 
simplified by using the two-color resonance Ram an spectroscopic technique. The 
solvent study indicated th a t solvent motions do not influence the electron local­
ization phenomenon to any significant extent. Furthermore, it was determined 
th a t the dominant mechanism for electron localization is the facile vibrational re­
laxation. Following charge localization, no interligand electron transfer was ob­
served to occur during the M LCT excited states in the mixed-ligand complexes of 
fRu(phen)3_n(bpy)„]2+ and [Ru(Me2-bpy)3_n (bpy)n]2+, where n= l,2 . The results 
indicate th a t these mixed-ligands are weakly coupled electronically. Further ex­
perimental studies measuring the interligand electron transfer as a  function of the 
energy gap of the dissimilar ligands are necessary in order to be able to quantita­
tively analyze the excited state electron transfer in these complexes. In this regard, 
the time-resolved resonance Raman spectroscopic technique was demonstrated here 
to be a  powerful tool in studying the dynamics of the excited state of these com­
plexes.
The excited state proton transfer in pentaamineruthenium(II) complex was also 
studied using time-resolved resonance Raman spectroscopy. The Raman bands 
corresponding to the vibrational modes of the reduced 4,4’-bipyridine ligand were 
monitored for the evidence of nonequilibrium solvent-assisted proton transfer during 
the ~230ps lifetime of the MLCT excited state. No significant proton transfer was 
observed on the picosecond time scale. The implication of this finding is that the
nitrogen atom in the reduced ligand expected to undergo proton transfer is not 
very highly charged. Rather, the charge is distributed over the ligand and the local 
charge on the nitrogen atom is not strong enough to structure the solvent molecules 
in a way which leads to accelerated proton transfer.
The future prospects for picosecond Raman spectroscopy are very promising. 
As mentioned in the introduction, many elementary reactions and relaxation phe­
nomena occur on the picosecond time scale. The time-resolved Ram an probe with 
picosecond time resolution allows the vibration-coordinate-specific information to 
be obtained while monitoring in real-time the unfolding of these ultrafast phenom­
ena.
An example is the photodissociation and geminate cage recombination of Ia 
molecules in a condensed phase solution. Recent transient absorption experiments 
by Harris and co-workers^1-4) have shown that following photodissociation, the 
geminate recombination of I radicals occurs in <2ps. Furthermore, these transient 
absorption data when compared to the calculated transition strengths indicated 
tha t vibrational cooling is very strongly dependent on the vibrational energy gap. 
The photodissociation and geminate recombination processes in Ia molecules in so­
lution are depicted in Figure 7.1.(8) The initial photoexcitation involves the vertical 
transition from the X electronic ground state to the B electronic excited state. The 
subsequent predissociation and geminate recombination give rise to hot Ia molecules 
at the top of the X state potential. It was found from above transient absorption 
experiments that complete relaxation into the lowest energy vibrational levels on
F ig u re  7.1 Processes of photodissociation and geminate recombination in solution. 







the X state occurs on a roughly lOOps time scale. These energy relaxation dynam­
ics have also been investigated recently using the time-resolved resonance Raman 
spectroscopy.*6) The advantage of the Ram an technique is th a t direct information 
i6 obtained about the vibrational coordinates, therefore, enabling a  more detailed 
investigation concerning the vibrational energy gap dependence of vibrational re­
laxation. In the Ram an study, the vibrational energy decay in the geminately 
recombined I2 * on the X state potential surface was monitored directly by probing 
the molecule’s vibrational degrees of freedom. The rate of vibrational relaxation 
was measured as a function of energy gap between the vibrational levels which can 
be inferred directly from the Ram an frequency shift observed in the time-resolved 
Raman spectra. As vibrational energy relaxation takes place it is expected that 
time-dependent Raman frequencies will be observed from ~zero frequency (at the 
dissociation limit of the X state potential) all the way out to the fundamental I2  
frequency*7) of 212cm-1 . These time-resolved spectra are shown in Figure 7.2. The 
arrows in the figure illustrate the dynamics of vibrational relaxation. The time- 
dependent distribution of vibrational population can be clearly seen in Figure 7.2. 
Furthermore, it was determined tha t ~100ps is required to completely relax the 
hot vibrational energy following the geminate recombination which is in agreement 
with the previous transient absorption*1-4) results.
In another recent Raman study, the solvent cage dynamics related to the above 
reaction was also investigated*8) by monitoring the time dependence of the Ra­
man bands corresponding to solvent vibrations. The excess energy released from
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F ig u re  7.2 Pure transient Ram an spectra of I2 in cyclohexane obtained by sub­
tracting the one color probe only background spectrum from the raw two color 
spectrum. In order to subtract, spectra have been normalized for transient absorp­
tion a t 354.7nm using solvent bands as an internal reference. Probe is 354.7nm, 
20/xJ/pulse, 0.5mm beam waist. Pum p is resonant with the B -X  transition at 
532nm, 50/i J/pulse, 0.5mm beam waist. Time delay between pump and probe 
lasers is given in the figure. The band labeled A /A  ’ in each frame corresponds to 















the photodissociation of I3 molecules was observed in the form of heating of the 
solvent molecules immediately surrounding the photodissociating I2. In the Ra-
v
man spectrum, this heating was represented by a shift of the solvent vibrational
' m
bands to higher frequencies. This solvent cage heating was observed up to a time 
scale of <15ps. These time-resolved Raman studies demonstrate tha t indepth in­
formation can be obtained about the various ultrafast relaxation phenomena in the 
condensed phase chemical reaction dynamics. The future application of picosecond 
time-resolved Raman spectroscopy to the investigation of ultrafast chemical phe­
nomena promises to provide greater understanding of the overall reaction dynamics.
References for Part IV
[1.] A. L. Harris, M. Berg and C. B. Harris, J. Chem. Phyt., 84, 788 (1986).
[2.] M. E. Paige, D. J. Russell and C. B. Harris, J. Chem. P hyt., 85, 3699 (1986).
[3.] D. E. Smith and C. B. Harris, J. Chem. Phyt., 87, 2709 (1987).
[4.] J. K. Brown, C. B. Harris and J. C. Tully, J. Chem. Phyt., 89, 6687 (1988).
[5.] A. L. Harris, J. K. Brown and C. B. Harris, Ann. Rev. Phyt. Chem., 39, 341 
(1988).
[6.] X. Xu, R. L. Lingle Jr., S.-C. Yu, Y. J. Chang and J. B. Hopkins, J. Chem. 
Phyt., 92, 2106 (1990).
[7.] J. A. Coxon, J. Quant. Raiiai. Trantfer, 11, 443 (1971).
[8.] R. L. Lingle Jr., X. Xu, S.-C. Yu, Y. J. Chang and J. B. Hopkins, J. Chem
Phyt., 92, 1990 (4628).
Curriculum V ita
Yong Joon Chang was bom in Seoul, Republic of Korea in 1964. He began his 
undergraduate studies at Louisiana State University in Baton Rouge in the fall of 
1980. His undergraduate research in 1984-1985 was directed by Professor Robert V. 
Nauman. He completed his B.S. degree in Chemistry with an American Chemical 
Society certification in 1985.
His graduate studies were continued at L.S.U. in the Ultrafast Reaction Dy­
namics Group under the direction of Professor John B. Hopkins. Mr. Chang was a 
recipient of the Center of Energy Studies Fellowship in 1987-1988. He is a member 
of Phi Lambda Upsilon, an Honorary Chemical Society.
185
DOCTORAL EXAMINATION AND DISSERTATION REPORT
Candidate: Yong Joon  Chang
Major Field: C hem istry (P h y s ic a l)
Title of Dissertation: ! •  Temporal C om pression in  C hirped P u lse  R e g en era tiv e  A m p lif ic a t io n
I I .  P ico seco n d  T im e-R eso lved  Raman Study o f  E x c ite d  S ta te  Charge 
T ra n sfer s
Approved:
Major Professor and Chairman
>ean of the Graduate Si
EXAMINING COMMITTEE:
Date of Examination:
A p ril  30, 1990
